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Layered Chalcogenides Nanostructures:  




Metal chalcogenide nanostructures of IV-VI group (e.g. GeSe2, GeSe, GeS, 
SnSe, SnS etc.) represent a class of smart materials, where multiple functionalities can 
be achieved with layered structure preferable to other metal chalcogenides. This thesis 
essentially summarizes a body of work done on the synthesis of GeSe2 and GeSe 
nanostructures, as well as investigations on their electrical properties for 
photodetector applications. Detailed characterization of the crystal structure, chemical 
composition, morphology and microstructures of the as-synthesized products were 
carried out using adequate techniques. The growth mechanism governing the different 
morphological synthesis of the nanostructures is studied.  
Different surface morphologies (i.e. stepped-surfaced and smooth-surfaced) 
single crystalline GeSe2 nanobelts (NBs) were synthesized using chemical vapor 
deposition (CVD) techniques and characterized using scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), X-ray diffractometry (XRD), 
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Photodetectors 
comprising of individually isolated NB of the two different surface morphologies 
GeSe2 (p-type conductivity, indirect band gap ~ 2.7eV) were fabricated to study their 
photodetection properties. The photoresponsivity of the devices was investigated at 
different excitation wavelengths. It had been suggested that the excitation to defect-
related energy states near or below the mid band-gap energy plays a major role in the 
generation of photocurrent in these highly stepped NB devices whereas the thermal 
effect, the Schottky barrier dominates photoresponse was observed in smooth-
surfaced GeSe2 NB devices. High-gain photoresponse of the single NB devices with 
the possible electronic conduction and photoconducting mechanism was illustrated. 
Furthermore, the thesis includes the controlled structural changes which were 
investigated on crystalline GeSe2 nanostructures film using Raman spectroscopy. 
Direct micropatterning and micromodification were carried out through a home built 
optical set up. Multicolored micropatterns were created on GeSe2 nanostructures film 





photoconducting properties of laser modified nanostructures film have been 
discussed.   
GeSe nanostructures with p-type semiconducting narrow indirect band gap 
(~1.08 eV) has been attracting potential alternative material for photovoltaics with 
other interesting optical and electrical applications. We have studied the crystal 
growth orientation and various characterizations have been performed on as-
synthesized GeSe nanosheets and nanostructures. In addition, the electrical 
conductivity and near infrared (NIR) photosensing properties of individual GeSe 
nanosheet devices are investigated. These layered nanomaterials can be used for 
promising potential application in future nanoelectronics for photodetector 
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Figure 1.1 Illustration of IV-VI materials with their potential applications.  
 
Figure 1.2. The atomic arrangement of β-GeSe2 unit cell. The tetrahedron in green color 
represents GeSe4/2 tetrahedron and green balls and pale yellow balls represent Ge and Se 
atom, respectively. 
 
Figure 1.3. The atomic arrangement of α-GeSe unit cell in 3D and 2D view. The tetrahedron 
in green color represents GeSe4/2 tetrahedron and green balls and pale yellow balls represent 
Ge and Se atom, respectively. 
 
Figure 1.4. Schematic presentation of VLS growth mechanism. 
 
Figure 1.5. Direct evidence of crystalline Ge 1D structure formation using VLS growth 
mechanism.  
 
Figure 1.6. A schematic representation of the growth mechanism of the Si3N4 nanobelts. 
 
Figure 1.7 (a) Schematic diagram of MSM structure.  Band diagram of the structure (b) 
before illumination, the barrier heights are shown. (c) As light is illuminated barrier height 
reduces. The asymmetry in the I-V curve arises from the different barrier heights at the two 
contacts. 
 
Figure 1.8. Two types of devices fabricated for comparison. (a) Electric model, schematic 
and SEM of the fabricated Schottky diode, I-V showing good rectifying behavior; and (b) 
Electric model, schematic and SEM of the device with ohmic contact on both sides, I-V show 
clear ohmic behavior. 
 
Figure 1.9. Schematic energy diagrams of the quench effect in CdSe nanowires. Left: 
background states under the nanowire excited with 660-nm above-bandgap light; right: 
quenching occurs upon the presence of the 1550-nm light. 
 
Figure 1.10. Energy level diagram for negative-U defects in GeSe2 film.  
Figure 1.11. Schematic diagram of proposed energy diagram in GeSe crystal. Energy band 
diagram (a) with small donor level at low temperature. (b) with large donor level at low 
temperature. (c,d) with small and large donor level at high temperature, respectively.   
 
Figure 1.12. Optical micrographs of the Co3O4 nanowire device with focused laser beam 
(green spot) irradiated at its different sections (scale bar is 10μm). (b) Photocurrent-time 
response upon periodic irradiation of focused laser beam on three different portions of the 
nanowire device at zero bias. 
 
Figure 1.13. (a) Photoresponse of individual Nb2O5 nanowire device at zero bias with varying 
laser powers (λ = 532 nm, power = 125 μW, 260 μW and 324 μW, respectively) when 
focused laser irradiated on the (i) high NW-Pt contacts, (ii) middle of NW and the (iii) low 
terminal NW-Pt contacts. (b) Schematic diagram of focused laser at two ends of NW-Pt 
junctions with their corresponding band diagram at zero bias condition (Ef1 andEf2 are 
modified due to thermalization upon laser irradiation). 
 




Figure 1.14. (a) Optical image showing one M domain at the center of the VO2 NB at 54 °C. 
(b) SPCM map showing photocurrent spots at the M domain as well as the Cr contacts. (c) 
SPCM cross section along the axial direction of the NB. Part of the curve is fitted by an 
exponential function. (d) Band bending profile showing upwards bending towards metallic 
domain and Cr contacts. 
 
Figure 1.15. Crossed nanowire photonic device: (a) False color SEM image of a typical n-
InP/p-InP crossed nanowire device, overlaid with corresponding spatially resolved EL image 
showing the light emission from the cross point. (b) Schematic and EL of a tricolor nanoLED 
array, consisting of a common p-type Si nanowire crossed with n-type GaN, CdS, and CdSe 
nanowires. 
 
Figure 1.16. (a) SEM image of a single ZnTe nanobelt field-effect transistor (FET). The 
channel length is 2 μm; (b) gate-dependent Ids–Vds curves under gate bias ranging from -40 V 
to +40 V in 40 V steps; (c) Ids–Vg curves at Vds=5 V. The threshold gate voltage (Vth) is -28 
V; (d) Ids–Vg curves at temperatures ranging from 140 K to 300 K in 10 K steps. 
 
Figure 1.17. (a) SEM images of device fabrication. Left, three layers correspond to the p-
core, i-shell, n-shell and PECVD-coated SiO2, respectively. Middle, selective etching to 
expose the p-core. Right, metal contacts deposited on the p-core and n-shell. Scale bars are 
100 nm (left), 200 nm (middle) and 1.5mm (right). Characterization of the p-i-n silicon 
nanowire photovoltaic device. (b) Dark and light I–V curves. (c) Light I–V curves for two 
different n-shell contact locations. Inset shows optical microscopy image of the device. Scale 
bar, 5 mm. 
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Figure 2.1. Schematic of the experimental setup used for the growth of nanostructures.  
 
Figure 2.2(a) Image of the working tube furnace set-up, which was used for nanostructures 
synthesis. (b) Another available furnace set-up for nanostructures synthesis.  
 
Figure 2.3. Schematic diagram representing the steps to fabricate individual nanobelt based 
devices.  
 
Figure 2.4. (a) Optical image of the laser writing set-up, which was used for fabricating 
individual nanobelt devices. (b) Optical image of the sputtering system.  
 
Figure 2.5. (a-c) SEM images of the 80 nm Au nanoparticles placed on cleaned Si (100) 
substrates. 
 
Figure 2.6. (a) Schematic diagram of the individual nanobelt device under global laser 
irradiation, where the laser illumination area is larger than the electrodes spacing area. (b) 
Schematic diagram of the same nanobelt device under localized laser light irradiation. A 
single nanobelt is placed between the Au electrodes.  
 
Figure 2.7. Schematic diagram of the experimental set-up, which was used for optoelectrical 
measurements of the individual nanostructure based devices in vacuum environment under 
global laser illumination. 
 
Figure 2.8. Photograph of the home-built experimental set-up used for electrical and 
optoelectrical measurements of the individual nanobelt based devices in global illumination 
techniques. 
 




Figure 2.9. Schematic diagram of the experimental set-up, which was used for optoelectrical 
measurements of the individual nanostructure based devices under focused laser irradiation. 
 
Figure 2.10. Photograph of the home-built experimental set-up used for electrical and 
optoelectrical measurements of the individual nanobelt based devices in localized 
illumination techniques. Optical image of different parts are: (a) sample stage under 
microscope, (b) red laser source, and (c) optical microscope used to reduce the spot size of the 
laser. Inset in (c) shows the optical image of the Keithley sourcemeter.  
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Figure 3.1. Schematic illustration of the setup for the synthesis of GeSe2 nanostructures. 
Figure 3.2. (a) FESEM image, (b) low-magnification TEM image, (c) HRTEM image, and 
(d) EDX spectrum of the as-synthesized GeSe2 NBs. Inset in (d) shows the unit cell of GeSe2 
NB. Green balls and pale yellow balls represent Ge and Se, respectively.  
Figure 3.3 (a) Optical image of the individual smooth surfaced GeSe2 nanobelt two-terminal 
device fabricated on the SiO2/Si substrates with two Au electrodes pads. (b) Magnified SEM 
image of the red box as marked in (a), which shows the dimensions of the fabricated device. 
(c) More optical images of the device. Inset shows clearer image. (d) SEM image of the 
optical image (c). The scale bars and dimensions of the images can be viewed from (b).     
Figure 3.4. (a) AFM image of a GeSe2 NB. (b) 3D AFM image of a single GeSe2 NB. (c) 
Cross sectional profile, which is drawn along the marked line in (a), shows the thickness of 
the NB is 70 nm. 
Figure 3.5. (a) Typical XRD pattern of GeSe2 nanostructures. Inset: the structural model of 
GeSe2 with layered structure showing the stacking of tetrahedrons along (002) direction. (b) 
Raman spectra taken during the laser induced crystallization process of crystalline GeSe2 
NBs. At full laser power, the NB crystallizes into the α-phase (peak position at ~ 200 cm-1) 
with accompanying β-phase (peak around ~ 210 cm-1). 
Figure 3.6. (a) Low magnification SEM image of the smooth surfaced GeSe2 nanobelts. (b) 
Low magnification TEM image of the GeSe2 nanobelt with Au alloy clusters at the tip of the 
nanobelt. Schematic illustrations of Au catalysts assisted VLS growth process of smooth 
surfaced GeSe2 nanobelt at high temperature: (c-f) show the possible stages of the nanobelt 
synthesis. 
Figure 3.7. (a) SEM image of GeSe2 NBs grown from the edge of Au film coated Si 
substrate. (b) TEM image of the Au cluster formation at the tip of the single NB. (c) false-
color energy dispersive X-ray spectroscopy (EDS) elemental map of Au in the rectangular 
region defined in (b). 
Figure 3.8 (a) Low magnification SEM view of the GeSe2 nanostructures grown from the 
edge of the substrates. The different parts of the grown nanostructure (i.e. tapered bases, 
gradually increments stem, and uniform diameter body) are labelled in the SEM image. (b) 
(Top) Schematic of the nucleus formed on the molten Au-Ge-Se alloy droplet and growth of 
GeSe2 nanobelt at initial stage with tapering. (Bottom) Schematic representation of the grown 
nanobelt with specified different regions.       
Figure 3.9. Different morphologies of smooth surfaced GeSe2 nanostructures: (a-c) GeSe2 
nanobelts and (d-f) mixture of GeSe2 nanoflakes and nanobelts.  
Figure 3.10. (a) Photoresponse of individual GeSe2 NB devices under global laser 
illumination. Dark I-V curve recorded in sweeping bias of -5 V to +5 V. The insets show the 




optical image of the device (top) and the ln(I)-V curves with linear fit at intermediate voltage 
range (bottom). (b) I-V curves were recorded under dark condition and under global 
irradiation of 532 nm light with varying laser intensities from 0.2 ± 0.1 mW/cm2 to 6.8 ± 0.1 
mW/cm2. Inset shows photocurrent dependency on laser intensity. Both photocurrent and 
light intensity are in the log scale. (c) Photocurrent-time (I-t) response (fixed dc bias: 4V) at 
the fixed wavelength excitation with varying intensities. The inset shows the schematic 
diagram of the device under global illumination. (d) Photocurrent-(voltage)1/2 graphs with 
linear fit at intermediate voltage range with varying laser intensities.  
Figure 3.11 (a) Optical images of the GeSe2 NB device with focused laser beam (bright spot) 
irradiated at its different position. (b) Photocurrent-time response upon periodic irradiation of 
focused laser beam (fixed power: 14.2 ± 0.1 mW) on three different positions of the NB 
device at zero bias voltage. (c) I-V characteristics of the NB device with focused laser beam 
on different positions. Inset shows the schematic of the NB device when localized laser is 
illuminating the middle of NB. 
Figure 3.12. (a,b) Schematic diagram of focused laser at two ends of NB-Au junctions with 
their corresponding band diagram at zero bias condition (Ef1 and Ef2 are modified due to 
thermalization upon laser irradiation). 
 
Figure 3.13. (a) Rising and decaying photocurrent characteristics upon periodic irradiation of 
focused laser beam on different portions of the nanobelt device at a fixed bias of +1 V. (b) 
Schematic energy band diagram of the MSM structure at the applied positive bias condition.   
 
Figure 3.14 (a) I-V curves of individual GeSe2 NB device at a temperature range from 313 K 
to 373 K. The scanned voltage range was from -2 V to +2 V. Inset at bottom right shows 
temperature dependence of conductivity of the single GeSe2 NB device. (b) The 
ln(I/T2)−(1/T) curves at various biases of 1, 1.5, and 2 V. 
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Figure 4.1. (a) Schematic diagram of the horizontal furnace with double-tube configuration. 
(b) Low-magnification SEM image indicating the large-scale production on Si substrate. (c) 
Corresponding high-magnification SEM image obtained from the region indicated in Figure 
4.1(b), demonstrating the belt-like morphology. Inset shows higher-magnification SEM image 
of stepped structured GeSe2 NB. (d) SEM image showing the top and side view of the stepped 
structured NB. 
 
Figure 4.2. (a) Optical image of the individual stepped surfaced GeSe2 nanobelt fabricated on 
SiO2/Si substrate in two probe based configuration. (b) SEM image of the same device as 
shown in (a). (c) Magnified SEM image of the device. (d) Magnified SEM image of the 
nanobelt, which shows the steps on the surface of the nanobelt. 
 
Figure 4.3. (a-c) SEM images of the stepped surfaced GeSe2 nanobelts. (d-f) Low 
magnification TEM images of the stepped-surfaced GeSe2 nanobelts. The tips, bases and the 
steps can be clearly viewed from the TEM images.    
 
Figure 4.4. (a) Representative TEM image of a stepped-surfaced GeSe2 NB. The inset shows 
the corresponding SAED pattern. (b) Higher magnification TEM image of the region that is 
highlighted by the red box in (a), revealing that single crystal is achieved. (c) An EDS 
spectrum of the nanostructure. (d) High-resolution TEM image of the NB. 
 
Figure 4.5. (a) XRD pattern of the GeSe2 nanostructures. (b) Raman Spectra of GeSe2 
nanobelts. (c), (d) XPS spectrum of the GeSe2 NBs. 




Figure 4.6. (a) Low-magnification TEM image of three GeSe2 NBs; (b) high-magnification 
TEM image obtained from the area marked by red square of the NB in Figure 4.6(a). The 
inset shows the block diagram of the steps grown along the NB; (c) and (d) lattice images 
taken from the parts (red circles labeled as 1 and 2, respectively) in (b). (e) The structural 
model of GeSe2 with layered structure showing the stacking of tetrahedrons along [002] 
direction. (f) Schematic plot of the atomic model of the intersect part (120) facet formed on 
the NB. Green balls and pale yellow balls represent Ge and Se, respectively. 
 
Figure 4.7. Composition analysis of a GeSe2 NB: (a) Bright-field TEM image and (b to d) 
False-color energy dispersive X-ray spectroscopy (EDS) elemental maps of Au, Ge and Se in 
the rectangular region defined in (a). (e) Line profile of the EDS intensities extracted from the 
elemental maps of Ge, Se and Au along the labeled solid line of the inset image. (f) EDS line 
profile of Ge and Se along the diameter of the NB, as indicated by the labeled solid line in the 
inset image.   
 
Figure 4.8. (a) Low-magnification TEM image of three GeSe2 NBs; (b-d) The EDS 
composition profiles at different axial positions of the stepped-surfaced NB of location A (as 
indicated with red circled line) in Fig. S1 (a) demonstrates a uniform distribution of the 
compositional elements Ge and Se with atomic ratio 1:2 stoichiometry. The insets show the 
low magnification TEM images of the NB with the labeled lines along which the EDS 
composition profiles were taken. 
 
Figure 4.9. Schematic illustration of the growth process for stepped surface GeSe2 nanobelts. 
(a-d) shows the steps of the nanobelt growth process.  
 
Figure 4.10. Electrical transport properties of individual GeSe2 NBs: (a) Two-terminal I-V 
curve recorded from an individual GeSe2 NB device. The insets show a schematic illustration 
(top), a SEM image (bottom) of the single NB device. (b) I-V curves at positive bias before 
and when exposed to a 405 nm, 532 nm, 808 nm and 1064 nm-light (with fixed intensity of 
0.56±0.1 mW/mm2). The inset shows a schematic illustration of an individual GeSe2 NB 
configured as a photodetector. (c) A time-dependent photocurrent (I-t) response under 405 
nm, 532 nm, 808 nm and 1064 nm-light illuminations at an applied voltage of 1V. (d) 
Spectral responsivity with wavelength at fixed external bias of 4 V. The error bars show the 
error in intensity measurements of the corresponding incident light. The inset shows 
absorption spectrum of stepped surfaced GeSe2 NBs. 
 
Figure 4.11. Photoresponse characteristics of the NB devices in air, vacuum (10-3 mbar) and 
N2 gas (10 mbar) environments at fixed 1 V external bias with laser emitting photon at a 
wavelength of 808 nm and light intensity of 1.38 ± 0.1 mw/mm2.  
 
Figure 4.12. (a) I-V curves of the stepped surfaced GeSe2 NB photoconductor measured in 
the dark and upon white-light illumination with three different intensities (6 ± 1 W/cm2; 10 ± 
1 W/cm2; 12 ± 1 W/cm2). Inset shows a schematic diagram of the NB photodetector. (b) 
Photocurrent with different light intensity under white-light excitation at fixed bias of 1V. 
Both photocurrent and light intensity are in the log scale. (Inset) Responsivity versus 
estimated photon flux of the irradiated NB. (c) Reversible switching of the NB 
photoconductor between low and high conduction states when the white light was switched 
on and off with different powers at a fixed bias of 1V. (d) Enlarged view of photocurrent-time 
(I-t) response of the NB. 
 
Figure 4.13.  Measured IPCE spectra of individual stepped surfaced GeSe2 NB device at the 
incident wavelength range 400 to 1110 nm at a fixed zero bias.  
Figure 4.14. In-gap defective states (red lines) associated with various defects in GeSe2: (a) 
VSe, (b) VGe, (c) Sei; (d) Formation energy of the neutral defects of GeSe2 as a function of the 
Se chemical potential. (e) PDOS for perfect bulk GeSe2 and various defects. 





Figure 5.1 (a) SEM image of the synthesized nanostructures on Si substrate after pressed. 
Inset shows the HRSEM image of the product. (b) Cross-sectional view of the as synthesized 
nanostructures on Si substrate.  
Figure 5.2 (a) Schematic representation of the optical-microscope with focused laser beam 
setup for micropatterning. (b) Optical microscope and (c) SEM images of circles patterned 
with box on GeSe2 NSs film.   
Figure 5.3 (a) SEM, (b) optical microscope image of four squired patterned on GeSe2 NSs 
film via a focused laser beam (Wavelength: 532 nm at fixed power of ~ 2 mW). (c) SEM, and 
(d) optical microscope image of a micropatterned barcode created with same conditions as the 
four squared pattern.    
Figure 5.4 (a), and (b) Optical microscope images, and SEM images of four microsquares 
patterned on GeSe2 nanostructures film via a focused laser beam with different laser power as 
mentioned in the images labeled as (i), (ii), (iii), and (iv). (c) Raman spectra of the 
representative microstructures. (d) Ratio of intensity of α crystalline (Iα) to that of β 
crystalline (Iβ) as a function of laser power. Both X and Y axes are in log-log scale.    
Figure 5.5 (a), (b), (c) and (d) XY-plane view of the temperature distribution on top surface 
of GeSe2 NSs film surface with focused 532 nm laser beam (spot size ~ 3 μm) of different 
laser powers 0.2 mW, 0.6 mW, 1.8 mW and 40 mW, respectively.  
Figure 5.6 (a) SEM image of GeSe2 nanostructures on Si substrate with laser modified and 
unmodified region. The boundary between modified and unmodified region can be clearly 
seen from the image. (b) SEM image of the pristine GeSe2 nanostructures. (c) SEM images of 
the laser modified GeSe2 nanostructures with different laser powers. Scale bars in (b,c), 1μm.  
Figure 5.7 (a) Optical image of an array of microchannels. Inset shows the SEM image of the 
microchannels. (b) Magnified SEM image of 1.3 μm channel. (c) and (d) Cross sectional 
SEM images of a V shaped microchannel crated using focused laser with high laser power ~ 
40 mW and of the sample shown in image 5.7d, respectively. 
 
Figure 5.8 (a) TEM images of a pristine GeSe2 nanobelt. The inset is the SAED pattern for 
the representative nanobelt. (b) TEM image of a laser modified GeSe2 nanobelt, where the 
low magnified TEM image of the laser modified nanobelt is shown in the inset (top-right). 
The inset (bottom-left) is the SAED pattern for the laser modified nanobelt. (c and d) 
HRTEM images of the nanobelts in (a and b), respectively. 
 
Figure 5.9 (a), (b) EDS spectra of GeSe2 NSs before and after laser modification, 
respectively. Insets show the magnified EDS spectra of ‘O’ element for the respective curves. 
(c) and (d) XRD patterns of GeSe2 NSs film before and after laser modification, respectively.   
Figure 5.10. XPS spectra of GeSe2 NSs for pristine (left column) and pruned (right column) 
region: (a), and (b) for Ge element, respectively; (c), and (d) for Se element, respectively; and 
(e), and (f) for O element, respectively.     
Figure 5.11 (a,b,c) Optical microscopy images of three microsquares patterns on as 
synthesized GeSe2 NBs film after laser pruned (fixed laser power ~ 1.8 mW) in air, vacuum 
and helium environment, respectively. (d,e,f) SEM images corresponding to the optical 
images (a,b,c). (g,h,i) Raman spectra of the sample with laser modified in air, vacuum and 
helium as shown in Figure (a), (b) and (c), respectively.  




Figure 5.12. (a) I-V curves obtained from pristine GeSe2 NSs film and after laser 
modification with two-probe measurements configuration. (b) I-V responses of the pristine 
NSs film under different laser sources with fixed laser intensity of ~ 0.8 mW/mm2. (c) I-V 
responses of the same NSs film after laser modification with same experimental conditions. 
(d), (e) and (f) I-t responses (fixed bias ~ 10V and fixed laser intensity ~ 0.8 mW/mm2) of the 
NSs film before and after laser modification with laser wavelength of 405 nm, 532 nm, and 
808 nm, respectively.  
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Figure 6.1. (a) Schematic view of dynamics behavior during the synthetic process. (b,c and 
d) Low-magnification SEM images of as-grown GeSe nanosheets on the areas indicated by 1, 
2 and 3 in (a), respectively, for 30 min growth process on a Si (100) substrate. The insets at 
the right corners of (b, c and d) are SAED patterns for representative nanosheets. The insets 
at the left corners of (b, c and d) are the magnified SEM images of GeSe nanosheets. (e and 
f) AFM image of GeSe nanosheet and the height profile corresponding to the solid line.  
 
Figure 6.2. (a) Structure of two GeSe layers (001) surfaces along [001] direction. (b) Optical 
micrograph of thick GeSe bulk flake. (c) XRD patterns of GeSe precursor powder (red line), 
microbelts (blue line) and single microflake (black line). (d) Raman spectra for GeSe film 
with the intensities of laser excitation. The probe excitation light (λ~ 514 nm, 50× objective 
lens, laser spot size on the film ~ 3 μm) was exposed about 10 s.  
 
Figure 6.3. (a) Representative TEM image of a GeSe microflake. (b-c) SAED pattern and 
lattice image obtained from the region that is highlighted by green box. (d) Higher 
magnification TEM image of the region that is highlighted by the red box, revealing that 
single crystals is achieved even at a length up to a micrometer. (e) EDS spectrum of GeSe 
microflake. (f) Crystallographic view of GeSe molecules on the (100) plane indicating the 
growth direction of [011] matching the lattice image in (b) and (d). Pale yellow balls and 
aqua balls represent Ge and Se, respectively. (h, i) EDS map of the region (highlighted by the 
yellow box in Figure 6.3g) of GeSe microflake displaying the uniformly distributed elements 
of Ge (h), Se (i). 
 
Figure 6.4. XPS spectrum of GeSe nanosheets. (a) Survey of full XPS spectrum. (b), (c) and 
(d) high resolution spectrum of O 1s, Ge 3d and Se 3d, respectively.   
  
Figure 6.5(a,e) TEM images of different shaped GeSe nanosheets, a corresponding higher 
magnification TEM image (b, f), a corresponding SAED pattern (c, g) and a structural model 
(d, h) of representative sheets are shown.   
 
Figure 6.6(a,d) Low magnification TEM image of single GeSe nanosheet with facets 
indexed. (b, c, e and f) HRTEM image of the single GeSe nanosheet taken from different 
parts of the nanosheet as marked by 1, 2, 3 and 5 in (a, d). Insets in HRTEM images show 
corresponding SAED pattern. 
Figure 6.7. (a) Tapping-mode AFM image of a GeSe nanoflake bridging deposited Au 
electrodes. (b) The line profile taken along the green line of figure (a) shows the thickness of 
the GeSe nanoflake is ~ 57 nm. (c) 3D AFM topography of the GeSe nanoflake device. 
 
Figure 6.8.(a) GeSe bulk flake device made on STO substrate and the electrical contacts 
between GeSe bulk flake and electrical wires were made using silver paint. (b) The 
photoresponce of GeSe bulk flake device at two different laser excitation of 808 nm (fixed 
laser intensity of ~ 80 mW/cm2). (c) Photocurrent-time (I-t) response of the bulk GeSe flake 
at fixed laser intensity of ~80 mW/cm2. 
 




Figure 6.9. (a) Measured IPCE spectra of GeSe nanosheet device at the incident wavelength 
range 400 to 1600 nm at a fixed zero bias. (b) Reflection spectrum of GeSe nanosheets. Inset 
shows false color SEM image of the GeSe nanosheets sample. 
 
Figure 6.10(a) Typical I-V curve of Au/GeSe nanoflake/Au in the voltage range (-5 to +5 V) 
under dark condition. Inset (bottom-right) shows ln(I) vs V. Inset at top-left shows fitted ln(I) 
vs V curve under dark condition. (b) The performance of GeSe-based thin film photodetector 
device under 808 nm-light illuminations. The inset (top-right) shows the schematic 
presentation of global irradiation of laser light onto the device during photocurrent 
measurements. The inset (bottom-right) represents the SEM image of the fabricated GeSe 
nanoflake based device. (c) Time dependent photocurrent response of the GeSe nanoflake 
based device to 808 nm-light illuminations with different light intensities under vacuum 
(4×10-3 mbar) at fixed bias of 4V. Inset shows the enlarged views of a 32.6-33.4 s range (from 
light-off to light-on transition) showing response time ~ 0.1 s. (d) Time-response curve 
analysis: The decay curves when the GeSe nanosheet device was illuminated with 808 nm 
light at fixed 4V bias with different light intensities. Solid lines represented the fitted curves 
with the decay equation (6.1).  
 
Figure 6.11. In-gap defective states (red lines) associated with various defects in GeSe : (a) 
VSe, (b) VGe, (c) Sei; (d) Formation energy of the neutral defects of GeSe as a function of the 
Se chemical potential. (e) PDOS for perfect bulk GeSe and various defects. The arrows 
denote the position of the defective states in the band gap. 
 
Figure 6.12. (a) Photocurrent as a function of light intensity under 808 nm and corresponding 
linear fitting curve using the power law. (b) The plot of Iph (in log scale) with V
1/2 with 
different illuminated light intensities, and its fitted line (solid line). 
 
Figure 6.13. (a) Atomic model of interstitial O species in GeSe. The green, yellow, and red 
balls represent Ge, Se, and O atoms, respectively. (b) Local density of states for O-adsorbed 
GeSe calculated by hybrid functional. 
 
Figure 6.14. Photoresponse of GeSe nanoflake based device at applied zero volt bias with 
focused nanopulsed laser (λ = 1064 nm, pulsed width ~7 ns, power ~ 60 μJ) irradiated on the 
Au-GeSe nanoflake contact (Position A), GeSe nanoflake (Position B) and GeSe nanoflake-
Au contact (Position C), respectively. (a), (b) and (c) The photovoltage-time (V-t) graphs 
obtained in oscilloscope under pulsed laser illumination on Position A, Position B and 
Position C, respectively, as schematically shown in inset of each graphs. (d) Pulsed laser 
induced photovoltage at the GeSe nanoflake as a function of pulse decay with different pulse 
energy. (e)  Photovoltage as a function of pulse energy in log-log scale. The red line is a 
power law fit with Iph ≈ P
0.34. Inset shows the schematic representation of the device during 
measurements. 
 
Figure 6.15. (a) Optical image of GeSe flakes with different thicknesses on 300 nm-thick 
SiO2/Si surface. (b) Raman characterizations using 514 nm laser line: Raman spectra of 
different locations A, B and C with various thicknesses on sample (a) and on thick GeSe 
flake. (c)AFM height image of thin GeSe film transferred on the SiO2/Si substrate. (d) The 
thickness of the layer is shown by the height profile (in red) taken along the green line in the 
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Introduction to chalcogenide semiconductors and their 




Nanoscience and nanotechnology is one of the most active disciplines in all around 
the world. The term ‘Nanotechnology’ was first popularized by K. Eric Drexler in his 
book ‘Engines of Creation: the Coming Era of Nanotechnology’ in 1986. The main 
concept of Nanotechnology was first introduced by famous physicist Richard 
Feynman in his lecture entitled ‘There’s Plenty of Room at the Bottom’ in 1959. 
Nanoscience and nanotechnology deal with science and technology of materials in the 
scale range starting from atomic or molecular scale to about 100 nanometers. In this 
low dimensional scale range the materials show different interesting physical, 
electronic, chemical and mechanical properties than those present in their bulk 
characteristics. The two main effects associated to the reduction size of the materials 
are quantum confinement and high surface to volume ratio. Nanomaterials including 
nanoparticles, nanotubes, nanowires, nanobelts, nanosheets etc. exhibit fundamental 
unique properties (electrical, optical and mechanical) and they are building blocks for 
nanotechnologies in medicine, bio-imaging, drug delivery, aerospace, food, energy, 
electronics etc. Semiconducting nanostructures: nanowires, nanobelts and nanosheets 
are emerging nanometerials with unique quasi-one-dimensional and two dimensional 
geometries, which have been used in various electronic,1,2 optoelectronic,3,4 and 
piezoelectronic devices.5  
 
1.2 Introduction of chalcogenide amorphous semiconductors 
 
Chalcogenide semiconductors are the materials containing elements of group IV 
and/or V (like Si, Ge, As, etc.) and chalcogen elements (like S, Se and Te). One major 
property of these compounds is that there is a wide range of composition ratio of the 
chalcogen element to the other constituent elements, which easily produce amorphous 
chalcogenides with various interesting properties such as band gap energy depending 
on the composition ratio. Thus these compounds are useful to study the physics and 
various material properties depending upon the different composition ratio of the 
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elements. The amorphous chalcogenide semiconductors are actively studied in the last 
decades due to their light-induced properties changes. Various kinds of light-induced 
properties like: photo-darkening,6 photo-bleaching,7 photo-crystallization,8 photo-
doping,9 etc. have been observed and greatly studied in different chalcogenide 
compounds. Photo-darkening and photo-bleaching mean narrowing and widening of 
the optical energy-gap induced by external light illumination whereas, photo-
crystallization and photo-doping mean light induced crystallization and light induced 
doping of foreign element in the chalcogenide material system. Irreversible and 
reversible changes in band gap and volume changes induced by illumination and/or 
thermally annealing of the chalcogenide compounds are also studied.10 Thus the 
interaction of the incident photon and the electron in these material systems and the 
interaction of the atomic arrangement of the chalcogenide materials with incident 
light irradiation acquire great interest in research. Chalcogenides glasses are used in 
applications such as photoreceptors in copying machines, X-ray imaging plates in 
infrared (IR) optical components such as lenses and windows and also IR transmitting 
optical fibers. These chalcogenides compounds have been used in non-volatile 
memory devices,11 for non-linear photonics,12 solar cells13 and for optical and 
photonics application.14     
 
1.3 Recent advances in IV-VI semiconductor nanostructures 
 
IV-VI semiconductor nanocrystals and their nanostructures including lead (Pb) based, 
germanium (Ge) based and tin (Sn) based nanostructures, have attracted much  
 
 
Figure 1.1 Illustration of IV-VI materials with their potential applications.  
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attention due to their promising potential application based on mainly three aspects: 
energy, sensors and catalysis, respectively as shown in Figure 1.1. The device 
applications include energy storage and conversion in solar cells, thermoelectric, 
lithium-ion batteries, etc.; sensors involving gas sensors, strain sensors and 
photodetectors, etc.; catalysis covering photodegradation and catalytic oxidation. In 
the past decades, a lot of application studies including lithium-ion batteries, solar 
cells, photocatalysis and gas sensors have been reported on IV-VI nanostructures.15-19  
Some of the IV-VI materials like GeSe, GeS, SnSe, SnS etc. show layered crystal 
structures, which can be described as solid containing molecules in two dimensions 
extends to infinity and which are loosely stacked on top of each other to form three-
dimensional crystals. Such layered metal chalcogenides exhibit promising properties 
for quantum solar energy conversation because the band gap fall in the range of 1-2 
eV, which fits with the solar spectrum and has the good absorption coefficient. The 
band width (valance and conduction band) is reasonable magnitude due to strong 
metal chalcogenide hybridization, which results in good charge carriers mobilities.     
 
1.3.1 Germanium-based semiconducting nanostructures 
 
Several reports on synthesis of GeO2 nanostructures by using laser ablation, thermal 
deposition, direct thermal treatment, heating metal sample, etc. have been reported.20-
23 GeO2, high band gap energy material (Eg = 5 eV), has shown potential applications 
in optoelectronic communications.24 It has mainly three different crystallographic 
phases i.e. tetragonal (rutile-type structure), hexagonal α phase (α-quartz like 
structure) and hexagonal β phase (β-quartz like structure). At high temperature it 
shows phase transformation.    
Both GeS (Eg = 1.55 – 1.65 eV) and GeSe (Eg = 1.1 - 1.2 eV) are important p type 
narrow band gap layered materials with orthorhombic rock-salt structure, which has 
interesting application in many research fields.25,26 The review on synthesis and 
application and details on germanium chalcogenides including GeS, GeSe, GeSe2 will 
be discussed later. GeTe (Eg = 0.1 eV) has drawn much attention due to its 
application in reversible phase-change memory behavior, thermoelectronics and other 
application.27,28 Synthesis of GeTe nanostructures including chemical reaction for 
growth of GeTe nanoparticles,29 GeTe nanowires via VLS process,30 nanocrystals 
using colloidal chemistry31 have been extensively studied.        
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1.3.2 Tin-based semiconducting nanostructures 
 
Rutile-type SnO2 is n-type semiconductor with a wide band gap (Eg) of 3.6 eV. In the 
past decades, several SnO2 nanostructures including nanoparticles, hollow sphere, 
nanorods, nanowires, nanotubes, nanobelts, nanoplates have been reported by thermal 
evaporation process, hydrothermal route and self assembly route.32-40 Several 
application in sensors, lithium ion batteries, sensitized solar cell and catalytic 
application have drawn great interest in research.41-44 
Several series of phases of tin sulfide and tin selenide such as SnS, SnS2, Sn2S3, 
Sn3S4, SnSe, SnSe2 have been studied by several research groups with their potential 
application in photovoltaics, lithium ion batteries, photocatalysts, capacitors, memory 
switching devices, etc.45-49 Nanostructures of SnS2 and SnSe are potential candidates 
for photocatalysts, gas sensors and lithium ion batteries.50-52 Both SnS and SnSe have 
layered crystal structures. 
SnTe is an important narrow band gap (Eg=0.18eV) semiconductor applied in mid-IR 
detectors and thermoelectric devices.53,54 High quality SnTe nanostructures with 
different controlled shape is desired due to the importance of the material, which has 
been proposed as a topological insulator that is a new class of quantum matter with an 
insulating bulk gap and gapless edges or surface states.55,56     
 
1.3.3 Lead-based semiconducting nanostructures 
 
It is reported that PbO nanostructures of nanowires, nanoparticles, microspheres were 
obtained using template assisted method.57 Lead-based chalcogenides semiconductors 
i.e. PbS, PbSe, PbTe have attracted great attention with their unique intrinsic 
properties.58 They have a cubic (rock-salt) crystal structure and narrow band gaps of 
Eg = 0.28-0.46 eV. Controlled synthesis of PbS, PbSe, PbTe nanocrystals with 
different synthetic routes has been reported.59 Lead chalcogenides nanocrystals are 
excellent materials for solar cell,60 field-effect transistors,61 bio-imaging application.62 
Pb chalcogenides nanostructures have been synthesized in hydrothermal reaction,63 
using CVD techniques,64 hot-injection solution approach in organic solvent,65 etc.   
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1.4 Introduction of Ge based chalcogenide nanostructures 
Nanostructures hold great promise in device applications where small size, fast 
operation, less energy consumption, and high density integration plays important role. 
Among the classes of semiconducting nanostructures, one-dimensional, quasi-one-
dimensional, two-dimensional nanostructures are particularly attractive because they  
 
Table 1.1 Summary of Ge based chalcogenides nanostructures studied by several research 
groups. 
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exhibit unique directional dependent and layer dependent electrical and optical 
properties.66 Ge based chalcogenide materials for example GexSe1-x, GexS1-x and 
GexTe1-x are made up with earth abundant elements and have motivated the 
exploration of less toxic materials. Here (Table 1.1) is an overview of the Ge based 
chalcogenide nanostructures, which have been studied by various research groups. In 
the wide range of composition ratio of the Ge element with calcogen elements, only 
few crystalline nanostructures of Ge based semiconducting chalcogenides such as 
GeSe2, GeSe, GeS, GeS2 and GeTe have been reported. The table (Table 1.1) shows 
the recent reports on those semiconducting chalcogenides, where the researchers have 
mainly focused on the synthesis and novel applications of the crystalline 
nanostructures. Ge based chalcogenides nanostructures show various applications 
such as field emitters, field effect transistor, photo switching application, 
photodetectors, supercapacitor, memory switching, etc. Thus Ge based 
semiconducting chalcogenide crystalline nanostructures have recently attracted 
significant attention since they are ideal candidates in various applications of 
nanoelectronics.  
Here in this thesis, we have studied a particular set of Ge and Se based 
semiconducting crystalline nanostructures. We have mainly studied the controlled 
synthesis and various interesting properties of GeSe2 and GeSe nanostructures. They 
have a wide range of morphology including nanowires (NWs), stepped surfaced 
nanobelts (NBs), smooth surfaced nanobelts, nanocombs, and nanosheets (NSs). 
These types of morphologies have been studied in several other material systems. 
Depending upon their morphology, we have studied their growth mechanism, 
characterization and optoelectrical properties.     
Ultrathin nanosheets with atomic thickness have received much attention in recent 
years to investigate their unusual properties derived from high specific surface areas 
of 2D material system. Most well-known layered materials i.e., graphene, transition 
metal oxides, transition metal dichalcogenides have attracted significant research 
interest and hold great potential for many innovative application.76-78 Many recent 
research reports talk about a systematic study of the fabrication of single and 
multilayer semiconducting 2D materials using mechanical or chemical exfoliated 
method and study their potential applications. Hence it is of scientific importance to 
synthesize, characterize and study emerging properties of layered structured 
semiconductors from a single layer to few layers in order to use their properties in 
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various applications. The Ge based layered IV-VI semiconductor nanocrystals (i.e., 
GeSe, GeS) have recently gained attentions as potential alternatives to the lead 
chalcogenides due to the advantages of their relatively higher stability and 
environmental sustainability.79  
 
1.4.1 Review of crystalline GeSe2 
1.4.1.1 Structural properties 
 
Mainly three polymorphic phases (i.e. α-, β-, and γ-GeSe2) have been observed in 
crystalline GeSe2 structure.
80 Among three polymorphs, β form crystalline GeSe2 
(Se=Ge=Se, oxidation states of Ge: +4), which is most stable form and yellow in 
color, can be synthesized easily. GeSe4/2 tetrahedron, which is defined as four 
selenium atoms are located at its corners and one germanium atom at its center, is a 
basic building block for β-GeSe2. The Ge and Se atoms within a layer are covalently 
bonded to each other, while the neighboring layers are bonded by weak van der waals 
coupling. Figure 1.2 shows the atomic arrangement of β-GeSe2 in different 
orientation view.  
 
 
Figure 1.2 (a,b). The atomic arrangement of β-GeSe2 unit cell. The tetrahedron in green color 
represents GeSe4/2 tetrahedron and green balls and pale yellow balls represent Ge and Se 
atom, respectively. 
 
The formation of bulk single crystals of α phase GeSe2 is difficult. α phase and β 
phase are known as low temperature (LT) and high temperature (HT) crystalline form 
of GeSe2. The details of the two polymorphic phases are listed in Table 1.2. There is 
report on formation of α-phase GeSe2 and β-phase GeSe2 from amorphous GeSe2 film 
using thermal treatment or light irradiation.81 
 
 
Chapter 1: Introduction to chalcogenide semiconductors and their nanostructures     
8 
 




Crystal Structure: monoclinic 
a = 7.032 Å 
b = 23.46 Å 
c = 7.070 Å 
β-angle = 120.61o 
Z = 12 
Crystal Structure: monoclinic 
a = 7.016 Å 
b = 16.796 Å 
c = 11.831 Å 
β-angle = 90.65o 
Z = 16 
 
γ-GeSe283 phase has a structure related to hexagonal SnSe2 of the CdI2 type. It has 
been observed that the melting point of γ-GeSe2 is 850 oC, which is much higher than 
the rest two polymorphic form of GeSe2.
84 This particular crystalline phase of GeSe2 
has not been explored much.  
 
1.4.1.2 Raman spectra 
 
There are 48 atoms in a unit cell of β-GeSe2 crystal, which make 36 Ag Raman active 
modes, 36Bg Raman active modes, 35Au infrared active modes, 34Bu infrared active 
modes and 3 translational modes.80 In β-crystalline phase of GeSe2, the band at 
around  
 
Table 1.3. The list of the most relevant Raman modes for our study    
 
Raman peak position Description Reference 
~260 cm-1 Se-Se bonds  86 
~175 cm-1 Ge-Ge bonds 86 
~199 cm-1 BM of corner-sharing 
tetrahedral (CST) 
87 
~216 cm-1 BM of edge-sharing 
tetrahedral (EST) 
87 
~300 cm-1 Ge-Ge modes 88 
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212 cm-1 is assigned to a breathing motion of the GeSe4/2 tetrahedra. The breathing 
mode (BM) at around 212 cm-1 can be resolved into two modes: a strong mode at 
around 199 cm-1 due to the breathing motion of the corner-sharing chain GeSe4/2 
tetrahedra and a weak mode at around 216 cm-1 due to the breathing mode of the 
edge-sharing Ge2Se8/2 bi-tetrahedra.
85 In α-crystalline phase of GeSe2, one new 
Raman band appear at around 210 cm-1, which is considered to be breathing motion of 
the GeSe4/2 tetrahedra. Here is the list (Table 1.3) of related Raman modes positions, 
which have been reported by various research groups.  
 
1.4.1.3 Optical properties and electronic structure 
Single crystalline β-GeSe2 has strong anisotropic optical properties. The absolute 
value of the absorption coefficient is α ~ 104 cm-1. The exciton absorption peak 
energy decreases with increasing sample temperature and shows a transition at ~ 2.7 
eV at room temperature.89 The dielectric functions of β-GeSe2 have been investigated 
in details.90 The details about the energy bands of β-GeSe2 will be discussed in the 
following chapter. The single crystalline β-GeSe2 shows band gap energy Eg ~ 2.6 eV, 
whereas the amorphous GeSe2 shows relatively lower band gap energy ~ 2.2 eV.
90  
 
1.4.2 Review of crystalline GeSe 
1.4.2.1 Structural properties 
GeSe (Ge=Se, oxidation states of Ge: +2) crystal system is primitive orthorhombic 
and the lattice values are a = 4.4, b = 10.82 and c = 3.85 Å with eight atoms per unit 
cell. Each atom has three strongly bonded neighbors within its own layer and three 
more distant neighbors in adjacent layers. GeSe has a weak inter-layer bonding, which 
makes the layer structure. GeSe has two polymorphous phases i.e. a stable one at 
normal conditions of the low temperature α-phase, which crystallizes in the 
orthorhombic lattice and a high temperature β-phase, which crystallizes in cubic 
lattice. The transformation of GeSe from orthorhombic to a normal NaCl-type cubic 
structure is observed at ~656 oC. Figure 1.3 shows the atomic arrangement of α-GeSe 
in 3D and 2D view, where the layered direction is indexed. Table 1.4 gives the 
crystallographic data for α- GeSe and β-GeSe and the lattice parameters are 
summarized. 




Figure 1.3 (a-d). The atomic arrangement of α-GeSe unit cell in 3D and 2D view. The 
tetrahedron in green color represents GeSe4/2 tetrahedron and green balls and pale yellow balls 
represent Ge and Se atom, respectively. 
 
GeSe shows strong anisotropic properties owing to the layered structure. It has one 
axis value much greater than the other two axis value (stable α-crystal structure). The 
lattice of GeSe crystal structure can be viewed as deformed NaCl lattice type. Each 
atom forms six dominant  heteropolar  bonds,  the  strongest  of  which  are  in  three  
bonds  of  nearest neighbour in the same double layer.   
 
Table 1.4. Crystallographic data for α- GeSe and β-GeSe. 
 
α-GeSe β-GeSe 
Crystal Structure: orthorhombic 
a = 4.4 Å 
b = 10.82 Å 
c = 3.85 Å 
V (unit cell volume) = 182.3 Å3 
Crystal Structure: cubic 
a = 5.73 Å 
b = 5.73 Å 
c = 5.73 Å 
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1.4.2.2 Raman spectra 
The theoretical group analysis in the three dimensional space-group of GeSe 
interprets twenty-one optical phonons, two are inactive, seven are infrared active and 
twelve are Raman active. Under various scattering geometries, the observed phonon 
modes of GeSe are in agreement with the group theoretical prediction.91 There are 
three low-lying Raman-active modes at 39 cm-1(doubly degenerated) and 49 cm-1, 
whereas the details for all Raman actives modes are described in Ref. 91. For 
crystalline GeSe, the phonon frequencies appear at 155 cm-1 (B2u), 88 cm
-1 (B3u), 173 
cm-1 (B3u), and 181 cm
-1 (B3u) in good agreement with previous optical absorption 
study.  Analysis of the infrared reflective spectra shows ω(LO) = 208 cm-1 for the 
energy of B2u longitudinal lattice vibration and ω(LO)1 = 91 cm-1 ω(LO)2 = 179 cm-1 
ω(LO)3 = 208 cm-1 for three B3u longitudinal lattice vibration.92  
 
1.4.2.3 Optical properties and electronic structure 
GeSe shows p-type semiconducting properties with indirect band gap of ~ 1.08 eV. 
Both the polycrystalline and crystalline GeSe samples show p-type electrical 
conductivity. The value of thermoelectric power is ~ 1000 μV/K at T = 273 K for 
singe crystal GeSe and the carrier concentrations ranging from 7×106 to 5×1017cm-3. 
The optical absorption coefficient of the GeSe reaches 104 cm-1 in infra-red (IR) λ ~ 
1000 nm region. The photoconductive spectral response of GeSe single crystal shows 
the activation energy is found to be ~ 1.5 eV for the main band and ~ 1.17 eV for the 
secondary band, where these values are seen to correspond closely to the energy gap 
values.93 Temperature dependence of the electrical resistivity and the Hall coefficient 
elucidated the existence of a shallow acceptor level and donor level close to the 
valance band. The donor level was located about 0.2 eV above the valance band due 
to excess germanium atom. This value was obtained from the temperature dependence 
of the Hall coefficient. It has been reported that there exist two activation energies 
corresponding to impurity conduction at about 1.5 meV and at ~ 0.5 meV. The Value 
of ~ 1.5 meV could be associated with the thermal excitation of holes from the Fermi 
level to a mobility edge in the upper band. 
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1.5 Controlled synthesis of nanostructures 
Great progress has been achieved in the synthesis and characterization of 
nanostructures, which involves morphologically controlled, chemical compositional 
controlled, phase purity and dimensionality controlled synthesis study. As 
nanostructures are building blocks for nanoelectronic devices so the phase purity and 
crystalline quality play an important role for the device application.   
 
Table 1.5. Recent progress in Ge based chalcogenides nanostructures. 
Material Morphology Growth Method Application References 
GeTe Nanowires CVD via VLS  - 102 
GeTe Nanowires, 
nanohelices  

























GeS Nanosheets  Vapor deposition  - 107 
GeS, 
GeSe 








Nanowires  Novel chemical route - 109 




In the past decades, researchers have studied various methods to synthesize 
nanostructures, such as vapor transport,94 template-assisted electrochemical 
synthesis,95 chemical vapor deposition,96 Plasma-enhanced chemical vapor 
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deposition,97 laser ablation,98 hydrothermal,99 hot plate synthesis,100 electrochemical 
synthesis,101 etc. The growth techniques of the nanostructures are broadly 
distinguished between liquid phase growth and vapor phase growth and the growth 
mechanism can be classified into two different categories such as catalyst-free and 
catalyst assisted.  Here is the overview (Table 1.5) of various growth techniques used 
to synthesize Ge based chalcogenides nanostructures. 
 
1.5.1 Vapor phase growth 
In vapor phase growth, the nanostructures growth takes place from gaseous state 
chemical reactants. The advantages of using the vapor phase growth are (a) large 
uniform area, contamination free, high crystalline nanostructures can be synthesized; 
(b) the synthesis parameters can be organized and manipulated during synthesis; and 
(c) different morphologies and doping the nanostructures can be easily maintained. 
The vapor phase growth is generally performed in a vacuum sealed controlled gas 
environment with a well-defined temperature gradient region. The source material 
once evaporated in a gaseous form is transformed into the growth region, where the 
all conditions for nucleation are fulfilled, by a carrier gas. Depending upon the 
presence of catalyst, growth substrates, and other parameters like, temperature, flow 
rate, gaseous pressure, growth duration, etc. the nucleation can start in different 
growth mechanisms mainly, vapor-solid (VS) and vapor-liquid-solid (VLS) processes.      
 
1.5.2 Vapor-liquid-solid (VLS) mechanism  
VLS growth mechanism was first proposed by R.S. Wagner and W.C. Ellis in 
1964,111 where the new concept of Si whiskers crystal growth from the vapor was 
studied.  To grow the Si whiskers crystal, they used Si substrate covered with 
impurity Au particles and heated in a mixture of hydrogen and SiCl4. In the proposed 
VLS mechanism the Au particles formed liquid alloy droplet and  react with vapor 
phase precursor, which promote the solid crystalline growth. Thus the three main 
phases, which represent the total VLS growth mechanism, are (1) an eutectic alloy 
formation of catalytic metallic particle with the precursor gas molecules; (2) the vapor 
of reactant source precursor is further absorbed by the liquid catalyst till the 
supersaturation occurs; and (3) phase segregation occurs leading to the formation of 
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nuclei at the liquid-solid interface and vapor atoms diffuse and condense at the 




Figure 1.4. Schematic presentation of VLS growth mechanism.112 
 
Figure 1.4 shows the schematic representation112 of the VLS growth mechanism, 
which includes the three steps starting with metal catalyst thin film on the growth 
substrate. During the 1D crystal growth, the nanostructures continue to grow as long 
as the vapor reactant atoms and/or molecules are supplied. For sustainable VLS 
growth, the stability of the alloy catalyst through the growth is also important for 
nanostructures synthesis. As it is seen from the schematic representation that the 
grown nanostructures are well aligned on the substrate so the controlled growth, 
which allows aligning the nanostructure, controlling the length, diameter, and shape 
of the nanostructures, can be achieved in the VLS growth. For the aligned 
nanostructures growth, the seed layer used on the growth substrate (i.e. Au film or 
other catalytic layer) and the orientation of the growth substrate play an important 
role. The lattice matching substrate promotes and helps to VLS route synthesis 
nanostructures. Vertically aligned ZnO nanostructures were synthesized on various 
substrates including Sapphire,113 SiC,114 ZnO seed layer,115,116 and GaN.117 It can be 
monitored that the size and spacing of the catalyst are related to the size and spacing 
of 1D nanostructures. The well aligned and good crystalline nanostructures with 
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supported substrates are always desired because it allows more novel application in 
the field of nanotechnology.    
 
Figure 1.5. Direct evidence of crystalline Ge 1D structure formation using VLS growth 
mechanism.118  
 
In-situ TEM images as shown in Figure 1.5 depict the direct evidence during the 
growth process using VLS growth mechanism. Figure 1.5 (a, b and c) shows Au 
nanoclusters are in solid state at 500 oC, just starting of alloying formation initiates at 
800 oC, and liquid Au/Ge alloy formation, respectively. Figure 1.5 (d,e and f) shows 
the nucleation of Ge nanocrystal on the alloy, Ge nanocrystal elongates with more Ge 
condensation, and formation of Ge nanowire with the alloy catalyst on the tip of the 
structure, respectively. It is also observed from their studies that the diameter of 
grown Ge nanowire depends on the diameter of the Au/Ge alloy droplet instead of the 
size of Au particles used as growth seeds.118 Some other issues in VLS growth 
mechanism like unintentionally doping of the nanostructures due to uses of foreign 
metal catalyst, presence of other gas molecules like oxygen in the environment of 
growth region, etc. have been discussed.119     
 




Figure 1.6. A schematic representation of the growth mechanism of the Si3N4 nanobelts.
120 
 
In the past decays, metal catalyst assisted VLS growth of the nanobelts has been well 
studied in many material systems.121-124 Here is one example (Figure 1.6) of such 
nanobelts growth in chemical vapor deposition technique. The growth of Si3N4 
nanobelts were initiated using Ni catalyst and as grown nanobelts show triangular tips 
without any metal alloy clusters. Thus the growth mechanism for the nanobelt 
formation is the combined VLS base-growth and VS (vapor-solid) tip-growth, which 
eventually produces a large quantity of very long nanobelts formation.        
 
1.5.3 Vapor-solid (VS) mechanism 
Without the help of any catalyst, nanostructures growth could be possible from direct 
vapor phase reactants. The vapor reactants species of source materials, which is 
generated by evaporation, reduction or any other gaseous reaction, are transported to a 
temperature zone, which is lower than that of source material. These gaseous phase 
precursor reactants are directly adsorbed on the substrate and condensed onto the 
surface of the solid substrate. The transformation from gaseous reactant phase to solid 
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nanostructures growth suggests the growth mechanism as vapor-solid (VS). There are 
few existing possible mechanisms for the VS growth process of nanostructures. Those 
are: (a) the minimization of surface free energy,125 (b) surface polarization126 and (c) 
structural defects.127 In VS growth process, vaporized source materials directly 
condensed on the substrate, which leads to an anisotropic crystal growth such that the 
total energy of the system could be minimized. Few material systems like CdSe, ZnO 
have high surface-polarization effect which enables the nanostructures formation. In 
addition, the structural defects, which are naturally generated during the growth, such 
as screw dislocations, valley-shaped defects, etc., play major role in facilitating the 
growth in VS process.      
There are several other techniques used for nanostructures synthesis, where the 
growth takes different growth mechanism. Template assisted growth,128 hot plate 
growth,129 direct growth by solid-vapor reaction,130 hydrothermal synthesis,131 
electrochemical deposition,132 etc. 
 
1.6 Fundamental of photodetectors  
In past decades, a large number of studies have been performed along with 
commercial application of photodetectors.133,134 There are mainly two types of 
photodetectors i.e. photoconductors and photodiodes.135 Photoconductor consists of 
semiconducting material, crystalline, polycrystalline or amorphous with two ohmic 
metal contacts to form two-probe electrical device. Upon illumination the 
conductivity of the two-probed devices increases due to generation of electron-hole 
pairs in the active material. Photoconductive gain of the photodetectors is greater 
than-unity ratio of the number of circulating charge carriers per absorbed photon. It 
has been extensively studied that the photoexcited electrons are captured by the trap 
states, whereas holes remain free to traverse the device. The number of passes of a 
hole across the device is then equal to the ratio of the carrier lifetime to its transit 
time, which is giving rise to the photoconductive gain.136,137  
Photodiodes are made of the formation of a junction between two different 
semiconductors (i.e. heterojunctions), or a semiconductor with opposite doping level 
(i.e. homojunction), or a semiconductor and a rectifying metal contact (i.e. Schottky 
junction). The main principle for each case is the separation of photogenerated 
electron-hole pairs by the built-in electric field in the junction and the transport of the 
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carriers by external applied electric field. The photoconductive gain (i.e. quantum 
efficiency) of the photodiode is limited to one carrier extracted per absorbed photon. 
The temporal response of photodiodes is related to the transit time of the carriers and 
not their lifetime, which allows faster photoresponse than photoconductors. 
Metal-semiconductor-metal (MSM) photodetector are those devices, which consists 
of two (or more) identical Schottky contacts deposited on the top surface of the 
semiconducting material. At zero applied bias across the device, the semiconducting 
material will act as a quantum well for the majority carriers. Both metal-
semiconductor contacts will produce high resistance at zero bias. Thus at zero bias 
MSM configured device is symmetrical and net electric field in the center is zero. 
Under laser illumination in this MSM structure, the photoexcited carriers are readily 
trapped in the potential well, which results the net photocurrent to be zero. An 
external fixed bias voltage applied between the two electrodes can activate the device 
by tuning the metal-semiconductor contact in forward bias and another one in reverse 
bias conditions. At moderate bias, there will exist a net electric field in the MSM 
structure. At moderate dc bias, the majority of photogenerated carriers are still trapped 
in the potential well of the semiconducting material and the minority carriers are not 
trapped but still can’t leave the active region due to the charge of the trapped majority 
carriers. Thus the net photocurrent is very small. At sufficient high bias voltage, 
which is known as punch-through voltage, the potential barrier for the photogenerated 
carriers disappears and the current starts to flow.  
The advantages of MSM photodetector are: (a) the dark current is very small because 
of forming back-to-back Schottky contacts; (b) strong electric field can be applied in 
the active area of the semiconducting material. Thus there will be pure drift 
photocurrent and no diffusion component, and (c) the devices provide very low 
capacitance and very small RC time constant value.     
1.6.1 Photoconductivity in nanostructures 
Photoconductivity is an important property of semiconductors, which is the change in 
conductivity of the sample due to incident photon radiation. The thermal and hot 
carrier generation process, relaxation process, carrier statistics, effect of electrodes, 
and several mechanisms of recombination are involved in photoconduction. The 
intrinsic conductivity (σ) of a semiconductor in the dark is related with electronic 
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charge (e), charge carrier concentration (n) and the carrier mobility (μ) by the 
following equation: 
     σ = e n μ     . . . . . (1.1) 
In the presence of an applied electric field (F) across the semiconducting 
nanostructure with channel length (l) and cross-sectional area (A), the dark current 
(Io) is,    Io = σ F A = e n μ F A      . . . . . (1.2)   
Where, electric field (F) is equal to (V/l), V is the applied voltage across the 
nanostructure with channel length (l). Under light illumination, the change in 
conductivity called photoconductivity (Δσ) occurs either due to change in carrier 
concentration (Δn) or due to change in carrier mobility (Δμ) by this following 
relation: 
     Δσ = e (μ Δn + n Δμ)      . . . . . (1.3)  
In general, the photocurrent (Iph): 
    Iph(t) = [μ(t) Δn(t) + n(t) Δμ(t)]eFA     . . . . . (1.4) 
Where, both the terms carrier mobility and carrier density depend on time. In many 
semiconductors Δn(t) >> Δμ(t) and the time dependent mobility is negligible, 
therefore the expression for the photocurrent equation takes a simple form: 
    Iph(t) = e μ Δn(t) F A       . . . . . (1.5)  
Thus photocurrent generation in materials is a very complex process. The basic 
principle involved in photoconductivity can be stated as follows: when photons of 
energy greater than that of band gap energy of the semiconductor are illuminating the 
photoconductive material, electrons and holes are created in the conduction and 
valance bands, respectively, increasing the conductivity of the material. The other two 
possible situations are when the incident photon energy is slightly lower in energy or 
much smaller energy than the band gap energy of the material then the photoresponse 
starts from the low-energy side of the band gap due to excitation near the band edge 
and due to ionization of the impurity atoms. An important parameter of 
photoconduction is the absorption of photons, which takes place in the material in the 
following mechanisms: (a) band-to-band transitions, (b) Impurity levels to band edge 
transitions, (c) Ionization of donors, and (d) Deep level to conduction band 
transitions. Thus the process of absorption depends on the details of band structure.  
Here are the most commonly used terminologies to characterize the photoconducting 
properties of the semiconducting materials: 
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Absorption coefficient (α): This is related to main operating mechanism of 
photoconductivity. The absorption of incident photon of appropriate energy generates 
free charge carriers. There are several processes, which describe the absorption of 
photon flux in the active material. Lambert’s law describes that the intensity of 
radiation decreases with distance travel inside the material according to the 
exponential relation,  
                                                        P(x) = Po exp(-αx) [1- r(λ)]     . . . . . (1.6) 
Where r(λ) is the reflectivity at wavelength λ and α is the absorption coefficient, 
measured in cm-1. Under constant light irradiation, the density of photogenerated 
carriers will be constant in steady-state.     
 
Dark current (Io): Dark current is the amount of current that flows through the 
semiconductor or the device without any illumination of incident photon on it. Thus 
dark current is important parameter depending upon the operating temperature and 
applied voltage.  
 
Responsivity (Rλ): It is the ratio of the output voltage or current of the photodetector 
to the input radiant power in watts. Responsivity in either volt per watt or amperes per 
watt describes the response of the photodetector at a particular given wavelength of 
incident radiation. The responsivity of a given detector depends on the following 
factors138: 
(1) Size of the active area of the device and the effective illumination area of the 
photodetector. 
(2) Intensity of the incident radiation, where the responsivity of the photodetectors 
depends on the power of incident light.    
(3) Internal gain of the device, which is defined as the number of free charge carriers 
at the output of the device to the number of photogenerated charge carriers.  
(4) Electrical contacts of the device and electrical circuit employed during the device 
fabrication process play an important role to determine the device responsivity.   
  
Spectral response: This is the responsivity of the device with the wavelength of the 
incident light. Spectral responsivity of the device depends on the applied external bias 
to the device. The position of the spectral response curve approximately corresponds 
to the band-gap value of the photoconductive materials. On the short-wavelength side, 
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it has been observed that the response goes down although the absorption coefficient 
is high in the region. This is due to the photons of these energies are absorbed at or 
near the surface of the semiconductor, where the recombination velocity is higher 
than in the bulk.138 
 
Quantum efficiency (QE): This is the ratio of the number of photoelectrons created 
per second to the number of incident photons per second at a particular wavelength. 
QE is related with the responsivity (Rλ) using the following formula: 
                                                                   QE = (hc/eλ) R(λ)    . . . . . (1.7) 
Where e is the charge of electron and the other symbols have their usual meaning. 
 
Response time: This is the time required by the device to response in the change of 
electrical conductance under irradiation of light with appropriate energy. Generally 
the photoconductor devices show the increment (decrement) in dark current when the 
illumination of proper wavelength light is turned on (off). Often the photocurrent 
increase (decrease) shows an exponential rise (fall) with a single time constant. The 
time constant gives information about the recombination process of the excess charge 
carriers. Sometimes the response of the photoconductors deviates from exponential 
relation, which describe the other contributing factors such as optically active traps, 
presence of defects, etc. involve in the photoresponse. The presence of defects and 
higher traps states in the material give rise to poor photoresponse, where the rise 
(decay) time takes higher value to reach the saturated photoresponse.     
 
Specific detectivity (D*): this is another terminology to specify the performance of 
photodetectors. The specific detectivity D* which can be expressed as139: 
                                                    D* = Iph  / (P √(2 e Io))     . . . . . (1.8) 
Where Iph and Io are the photo- and dark currents respectively, P is the excitation 
intensity of the light irradiation and e is the electronic charge in Coulombs. The unit 
for D* is given in Jones. The typical detectivities of silicon photodetectors are ~ 4 × 
1012 Jones (1 Jones =1 cm Hz1/2/W). The detectivity is limited with dark current, 
where the highest photocurrent, lowest dark current (lowest noise) gives highest 
detectivity.   
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1.6.2 Photoconductivity in one-dimensional nanostructures 
 
Photodetector is an important optoelectrical application of the nanostructures. Good 
photodetector devices have high sensitivities, high selectivities, low cost, long cycle  
 
 
Figure 1.7 (a) Schematic diagram of MSM structure.  Band diagram of the structure (b) 
before illumination, the barrier heights are shown. (c) As light is illuminated barrier height 
reduces. The asymmetry in the I-V curve arises from the different barrier heights at the two 
contacts.142 
 
time and fast response time. Usually, 2-terminals semiconducting nanowire (or 
nanobelt) device is employed for photodetection application. Photoconductors based 
on nanostructures including nanowires and nanobelts show high photoconductive 
gain, which is inherently present due to the large surface to volume. Apart from 
nanostructures photoconductors, one-dimensional or quasi-one-dimensional 
photodetector structures based on semiconducting, superconducting, and metallic 
nanostructures are actively studied for efficient conversion of optical to electrical 
signals.140 The conventional photodetector of nanostructures, which consists of 
semiconductor p-n or p-i-n photodiode, shows high sensitivity with potential for 
denser integration, higher specificity, and responsive to light polarization.  
To study the electrical and optoelectrical properties of nanostructures based 
nanodevices and for application in nanoelectronics, it is necessary to make electrical 
contacts to the nanostructures with metal. These metal contacts to the nanostructures 
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play an important role in the performance of the devices. Metal-semiconductor 
contacts can either be an ohmic or Schottky. Controlled formation of ohmic or 
Schottky contacts on ZnO nanowire has been studied and their performance as 
photodetector has been investigated.141 For low dimensional systems such as 
nanodevices, the Schottky barrier height depends not only on the work functions of 
the metal and the semiconducting nanowire, but also on the pinning of Fermi level by 
surface states, field penetration and the existence of an interfacial insulating layer. 
Under good approximation, all others effect will affect the absolute current value by 
lowering the Schottky barrier height. There are several critical issues behind the 
commercialisation of nanowire based photodetector devices. Firstly, the development 
of low cost nanowire alignment method is still facing significant challenges. 
Secondly, fast response time is an important requirement for industrial application. 
For Ohmic electrical contacts, the slow response time is attributed to the slow oxygen 
adsorption and desorption process. Here the resistance of the device is dominated by 
the nanowire itself. However asymmetric contacts in the nanowire devices give rise to 
relatively fast response time, where the resistance of the device is dominated by the 
nanowire/electrode junctions. But these asymmetric contacts based devices cannot be 




Figure 1.8. Two types of devices fabricated for comparison. (a) Electric model, schematic 
and SEM of the fabricated Schottky diode, I-V showing good rectifying behavior; and (b) 
Chapter 1: Introduction to chalcogenide semiconductors and their nanostructures     
24 
 
Electric model, schematic and SEM of the device with ohmic contact on both sides, I-V show 
clear ohmic behaviour.143 
 
Figure 1.7 and Figure 1.8 show three different combinations of metal-
semiconducting nanowire contacts formation.142,143 Figure 1.7 shows the back to back 
uneven Schottky barrier formation at two metal-nanowire contacts, which shows that 
the I-V curves are nonlinear, asymmetrical and exhibit clear rectifying behavior. 
Figure 1.8 shows two different sets: (1) one ohmic contact and another Schottky 
contact, which depicts that the electrical conduction is dominated by one Schottky 
diode with highly asymmetric, nonlinear I-V response and (2) both contacts are 
ohmic, which exhibits linear I-V response. Generally the nonlinearity of the I-V curve 
is due to the Schottky barrier formation between the semiconductor and metal 
electrodes. Under light irradiation, current (I) increases with the light intensity. For 
photodetection application, the interface density of states, surface states of the active 
material and Schottky contact play an important role. The main factors, which are 




1.6.2.1 Surface states effect 
Due to high surface-to-volume ratio and large defect presence in the surface in the 
nanostructures material, it is important to study the role of the surface states for 
photodetection application of nanostructures devices. It has been well studied that the 
photoconductivity of ZnO nanowires is mainly attributed to surface states.144  The 
surface absorbed oxygen molecules, water vapor, gas species plays vital role145,146 in 
photoresponse and response time of the device. The adsorption, desorption and 
diffusion of water molecules in the air onto the nanowire surface play a significant 
role in the photoresponse.   
 
1.6.2.2 Environmental effect 
It has been observed that the photoresponce of ZnO based photodetectors are different 
in dry air and in wet air.146,147 In dry air, the adsorption of oxygen molecules on the 
nanowire surface causes the space charge region and decreasing the free carrier 
concentration by capturing the free electrons in a region near the surface in the n-type 
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semiconducting nanowire. Under light irradiation, photogenerated carriers separate 
across the space charge region and holes trapped in surface adsorbed oxygen ion. The 
remaining unpaired electrons gradually accumulate and increase the current until 
saturation where de-sorption and re-adsorption of O2 reach an equilibrium state. When 
light illumination is turned off, O2 molecules gradually re-adsorb on the surface and 
capture these electrons, which show a slow decay in current.148  
In wet air atmosphere, there will be presence of water molecules, which can be 
physisorbed followed by chemisorbed onto the surface of the nanowires.149 It has 
been observed that water molecules help to increase the conductivity of n-type and to 
decrease the conductivity of p-type semiconducting nanomaterials, which has been 
attributed to free the electrons from the chemically adsorbed water molecules to the 
surface of the nanomaterials. It has also been reported that water molecules help to 
replace the previously adsorbed oxygen ions and effectively release the electrons from 
the ionized oxygen. Kirihara et al. reports that the adsorbed water molecules accept 
electrons from the nanobelt surface and form OH- ions. For p-type semiconductor, the 
formation of OH- ions causes surface band bending in accumulation of excess holes in 
the valence band, which contribute to the electrical transport of the nanobelt in 
ambient air. The surface bending acts as a potential barrier to prevent photoexcited 
electrons carriers to reach the nanobelt surface. Thus the photogenerated carriers 
follow trap and retrap process being confined in the core of the nanobelt and result in 
the slow photoresponse.150 
1.7 Importance of defects in low-dimensional semiconductor 
 
In the past years, a number of studies focused on the effect of defect in the 
nanomaterials, which often introduced interesting properties in the system.151 Due to 
the large surface to volume ratio of the nanomaterials, semiconductor nanostructures 
acquire more surface related defects than their bulk counterparts. Thus it is accepted 
that proper surface treatment, associated defect characterization and novel device 
configurations will be important. To observe the optoelectrical properties in the 
infrared region far below the bandgap of semiconductors and the photodetection 
mechanism such as charge carriers’ creation in deep energy levels and the trapping 
mechanisms, the presence of defects plays an important role. Surface defects, near 
surface traps and surface adsorbed species are adding alternative relaxation pathways 
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for the de-excitation of photo-excited carriers, which will play a significant role in the 
carrier relaxation dynamics of the nanostructure system.152  
It has observed that many of the native point defects (i.e. element vacancies, element 
anti-sites, element interstitials etc.) can be formed during the growth process of the 
nanostructures. The concentrations of the defects present in the nanostructures are 
highly dependent on the growth conditions and post-fabrication treatments. Post-
treatments with chemicals, plasma treatments and post-fabrication thermal annealing 
of nanostructures in an oxidizing/reducing gas ambient are commonly used to tune the 
intrinsic (or native) defects, modify the surface states and modulate the carrier 
concentrations; effecting changes to the optical and electrical properties of these 
nanostructures that result in enhanced gas sensitivity, field emission properties, 
photoconductivity, and photocatalytic activity.153, 154 
The photoinduced charge transfer processes to various defect originated states has 
been observed. This underpin the novel properties of enhanced photocatalytic activity, 
photovoltaic performance, and photoconductivity response of nanostructures.155 Gu et 
al. reports the direct evidence of the photocarrier dynamics of the infrared quenching 
of photoconductivity, which has been shown in un-doped single CdSe nanowire.156 
The decrease in responsivity at higher infrared light excitation intensity may be due to 





Figure 1.9. Schematic energy diagrams of the quench effect in CdSe nanowires. Left: 
background states under the nanowire excited with 660-nm above-bandgap light; right: 
quenching occurs upon the presence of the 1550-nm light.156  
 
 
It is believed that upon the presence of the 1550-nm light, excess holes are created by 
promoting electrons from the valence band to the defect states. The generated holes in 
the valence band then recombine with free electrons in the conduction band, leading 
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to the decrease in electron population and conductivity. Thus the intrinsic defect 
effects of semiconductor nanowires shows great  promise  for enhancing quenching 
effect for novel optoelectronic applications of semiconductor nanowires such as high-
sensitive broadband photodetection. 
 
1.7.1 Defects associates with GeSe2  
 
As photoconductivity gives information about the recombination centers, the steady-
state photoconductivity measurements were carried out in GexSe1-x amorphous thin 
film to identify the position of the defect levels.157 Light-induced electron spin 
resonance experiments have shown the presence of charged coordination defects with 
negative-U defects in the Ge-Se system.158, 159 The defect centers act as discrete traps 
for photogenerated electrons and holes and due to small polaronic lattice deformation 
creates energy level roughly mid-way between the band edges and Fermi level (EF) as 
shown in Figure 1.10. It is also observed that annealing of the film presumably 
converts the homopolar Ge-Ge to hetropolar Ge-Se bonds and produces GeSe2 
tetrahedra units.160 Photothermal deflection spectroscopy (PDS) measurements on 
amorphous GeSe2 film reveal the existence of a significant gap state density, which 
tends to increase upon annealing. These gap states are certainly introduced by 
coordination defects, which can be neutral dangling bonds on Ge and/or Se sites, 
and/or Se-based charged paired centers.161 
Amorphous GeSe2 structure is similar to crystalline GeSe2, where the chemical 
environments of GeSe2 are same for amorphous and crystalline.
162 As the Fermi level 
pinning at mid band gap was observed in amorphous GeSe2 so it is expected to 
presence the energy state of Fermi level at the near to mid band gap of crystalline 
GeSe2 due to defects may present in the crystalline material. 
 





Figure 1.10. Energy level diagram for negative-U defects in GeSe2 film.  
 
Oxygen is the most common impurity in chalcogenide glasses. It is believed that 
thermal annealing of GexSe1-x can be connected to the interaction of GeO2 with both 
the homonuclear Se-Se bonds on the surface and the Ge-Ge bonds.163 It is well known 
that in germanium chalcogenide glasses the oxygen is preferentially bonded to 
germanium atoms, which eventually produce Ge-O bonds states. In principle, oxygen 
can be bonded to the forming GeO2 and it can be incorporated into the Ge-Se matrix 
forming. As results, one would expect the existence of the strong absorption bands at 
~ 870 cm-1 and at 600 to 700 cm-1 because at these frequencies the most intensive 
features of infrared spectra of vitreous GeO2 appear.
 164 As evidence, Vlcek et al. has 
shown that with increasing oxygen content the absorption of 500, 800 and 1280 cm-1, 
significantly increases, while absorption at 565cm-1 seems to be almost independent 
of oxygen content. It is clear that these bands are connected to the doping of GeSe 
matrix with oxygen. Thus oxygenated GeSe2 materials hold photoresponse properties 
in infrared region, which could be able to produce intense photocurrent under 
illumination of light in the wavelength range of ~ 800-1280 cm-1.  
 
1.7.2 Defects associates with GeSe 
 
In past years, a number of studies report the theoretical and experimental investigation 
of electronic properties of ideal cation (Ge) and anion (Se) vacancies in GeSe layered 
semiconductors and the presence of energy gaps due to localized defects.165-168 
Jahangirli et al. concludes that that presence of cation vacancies in GeSe cause p-type 
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conductivity and formation of impurity states in fundamental band gap.165 Planer 
defects in (001) layer of GeSe crystal have been observed experimentally and studied 
theoretically. The presence of twin boundary in layer are responsible for the electric 




Figure 1.11. Schematic diagram of proposed energy diagram in GeSe crystal. Energy band 
diagram (a) with small donor level at low temperature. (b) with large donor level at low 
temperature. (c,d) with small and large donor level at high temperature, respectively. 170   
 
Two kinds of impurity levels have been observed in GeSe crystal i.e. an ordinary 
acceptor level originating from impurities whose ionization energy is very small and 
another is a donor level which originates from germanium atoms in excess of 
stoichiometry, which locates below a half of the energy gap between the conduction 
band and the valance band in the energy band diagram.170 According to Kroger’s 
proposition, germanium atoms located in interstitials or vacancies of GeSe lattice may 
act as donors because germanium is more electropositive than selenium.171 In low 
temperature, the concentration of free holes decreases with increasing donor level as 
shown in Figure 1.11(a,b), whereas the donor is located below a half of the forbidden 
band playing an effective role of an acceptor at high temperature as shown in Figure 
1.11(c,d). Jahangirli et al. reports that the surfaces states around -13 eV for Se-
terminated surface, which are highly localized within three layers and are 
predominantly anion s-like. The surface states around -7 eV for Ge-terminated states 
are also highly localized within three layers and formed by s- and px- orbitals. This 
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observation is consistent with the fact that the bulk valence bands are dominated by 
anion like states around -14 eV and cation like states around -7 eV.166 Appearance of 
such empty states in the band gap strongly influences optical and electrical properties 
of semiconductors as donor and acceptor levels. 
 
1.8. Importance of global and localised photo-studies 
 
Under global irradiation technique, the nanodevice is fully irradiated with laser source 
and simultaneously the photocurrent is recorded. Thus the photocurrent contribution 
from the nanodevice comes from everywhere including metal-NB contacts, NB and 
various interfaces. So global irradiation technique is unable to depict and probe the 
findings of device response.  
Localized photocurrent measurement technique is a powerful tool for investigating 
local electronic structures, local band bending, carrier diffusion length and the charge 
transport in semiconducting nanostructures. A diffraction limited laser spot is 
irradiated at the surface of an electronic device, while the photocurrent is recorded as 




174 Using focus 
laser scanning photocurrent setup, Schottky contact nanodevices can be used to 
measure the minority carrier diffusion length, as long as the nanostructure is 
significantly longer than this diffusion length.175 Qualitatively, the direction of the 
electric field and the equivalent band bending direction can be determined by the 
current polarity, which is an important finding in localized photocurrent 
measurements. Higher photocurrent indicates a stronger electric field and a larger 
band bending. 
Here we have listed two examples i.e. photoresponse of p-type individual Co3O4 
nanowire and n-type individual Nb2O5 nanowire, which shows the importance of 
localized photocurrent measurement techniques. 
 





Figure 1.12. Optical micrographs of the Co3O4 nanowire device with focused laser beam 
(green spot) irradiated at its different sections (gap between two electrodes is 10μm). (b) 
Photocurrent-time response upon periodic irradiation of focused laser beam on three different 
portions of the nanowire device at zero bias.173 
 
At zero bias, photocurrent spots with opposite polarity appear upon irradiation of 
focused laser beam near the contact 1 and contact 2 as shown in Figure 1.12. The 
photocurrent direction indicates a downward band bending towards contact, consistent 
with the p-type nature of Co3O4 nanowire. The magnitudes of the photocurrent at the 
two contacts are not same, which indicates asymmetric contact barrier heights. The 
higher hole mobility eased the diffusion of photogenerated holes from the irradiated 
nanowire/metal contact through the nanowire. The polarity of the measured 
photocurrent on either contacts at zero bias support such a scenario of hole diffusion. 
In addition, the focused laser inducing localized heating and resulting 
photothermoelectric effect also may contribute the zero bias photocurrent. The higher 
photoresponse near the contact could be a result of efficient separation of 
photogenerated charge carriers at the contacts. Compared to the slow photoresponse 
upon global irradiation, localized irradiation resulted in a fast rising and decaying 
photocurrent from the Co3O4 nanowire.
173 
 





Figure 1.13. (a) Photoresponse of individual Nb2O5 nanowire device at zero bias with varying 
laser powers (λ = 532 nm, power = 125 μW, 260 μW and 324 μW, respectively) when 
focused laser irradiated on the (i) high NW-Pt contacts, (ii) middle of NW and the (iii) low 
terminal NW-Pt contacts. (b) Schematic diagram of focused laser at two ends of NW-Pt 
junctions with their corresponding band diagram at zero bias condition (Ef1 andEf2 are 
modified due to thermalization upon laser irradiation).174 
 
At zero bias, the opposite polarity of photocurrents was detected in individual Nb2O5 
nanowire device, as shown in Figure 1.13. It has been shown from the localized 
photocurrent studies on single Nb2O5 nanowire device that direction of current flow is 
not what one would expect from the built-in electric field arising from the usual 
Schottky barrier at the metal–semiconductor contacts. It infers that there could be 
other important factors that account for the photoresponse in NW device. The possible 
factors are reduced Schottky barrier and width due to increase in charge carriers 
and/or thermoelectric electric effects due to localized thermal heating.174 The increase 
in photogenerated charge carrier density upon irradiation can modify the barrier 
width, resulting in a narrow Schottky barrier. This may facilitate an increase in the 
tunneling of photogenerated electrons from NW to Pt through the modified Schottky 
barrier. The thermoelectric effect, which is due to localized heat produce under 
focused laser, at the NW-Pt interface gives rise to a temperature gradient between the 
NW-Pt contacts. The thermalization increased the energy of the electrons in the NW, 
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which gained greater velocities than those in the metal (Pt) contact region. This 
resulted in a net increase in the diffusion of electrons from the NW to the metal 
electrode at the NW-Pt junction. Both processes would result in a net increase in the 




Figure 1.14. (a) Optical image showing one M domain at the center of the VO2 NB at 54 °C. 
(b) SPCM map showing photocurrent spots at the M domain as well as the Cr contacts. (c) 
SPCM cross section along the axial direction of the NB. Part of the curve is fitted by an 
exponential function. (d) Band bending profile showing upwards bending towards metallic 
domain and Cr contacts.175 
 
Here is a great example, where scanning photocurrent microscopy (SPCM) allows 
investigating the band bending between the coexisting metallic (M) and insulating (I) 
phases in VO2 NB as shown in Figure 1.14. SPCM is a measurement technique where 
the localised photocurrent measurement technique is used in more precise way. 
Photocurrent spots with opposite polarity are observed at the M-I domain boundaries 
with the contact spots. The polarity of the photocurrent spots agree with an upward 
bending electronic band in I phase towards the M phase (band diagram in Figure 
1.14.d). This bending direction is consistent with the n-type nature of the VO2 NB. 
Band bending at the M/I domain boundaries is observed using localised photocurrent 
microscopy technique.175  
 
1.9 Nanostructures for nanoelectronic applications 
 
For novel nanoscale photonic and electronic devices, semiconducting nanowires are 
promising powerful class of materials. Here is the list of few interesting 
nanoelectronic applications of nanostructures. Crossed nanowire electronic devices 
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have been used to create nanoscale p-n diodes.176,177 Crossed nanowire architecture 
has been used in logic NOR logic-gate structure.178 Crossed nanowire FETs 
demonstrates a general approach for a large array of nanowire devices. Nanowires are 
also used as building blocks in light-emitting diodes (LEDs) and nanophotonic 
circuits. Transport measurements across a nanoscale junction exhibit the expected 
rectifying behaviour and moreover band-edge emission at the nanoscale cross-points 
in forward bias (Figure 1.15a). Figure 1.15b shows the creation of multicolour LEDs 
on a single substrate when n-type direct band gap nanowires (GaN, CdS and CdSe) 




Figure 1.15. Crossed nanowire photonic device: (a) False color SEM image of a typical n-
InP/p-InP crossed nanowire device, overlaid with corresponding spatially resolved EL image 
showing the light emission from the cross point. (b) Schematic and EL of a tricolor nanoLED 
array, consisting of a common p-type Si nanowire crossed with n-type GaN, CdS, and CdSe 
nanowires.180 
 
Many semiconducting nanomaterials with different morphologies including 
nanowires, nanobelts, nanotubes have been used in field effect transistor devices.181-
183 Figure 1.16 shows the FET performance of single ZnTe nanobelt device as shown 
in SEM image (Figure 1.16a). Gate voltage dependent electrical characterization 
(Figure 1.16b,c) shows the p-type conductivity in ZnTe nanobelt. IV characteristics 
of the individual ZnTe nanobelt with different temperatures (Figure 1.16d) indicate 
the formation of non-ohmic contact behaviour between ZnTe nanobelt and the 
electrodes. The results show ZnTe nanobelt can be used in building blokes for further 
development of field-effect nanotransistors.   




Figure 1.16. (a) SEM image of a single ZnTe nanobelt field-effect transistor (FET). The 
channel length is 2 μm; (b) gate-dependent Ids–Vds curves under gate bias ranging from -40 V 
to +40 V in 40 V steps; (c) Ids–Vg curves at Vds=5 V. The threshold gate voltage (Vth) is -28 
V; (d) Ids–Vg curves at temperatures ranging from 140 K to 300 K in 10 K steps.
184  
 
Nanostructures including nanoparticles, nanorods and nanowires have been used in 
die-synthesized solar cell.185,186 Figure 1.17a shows the SEM images of p-
type/intrinsic/n-type (p-i-n) coaxial silicon nanowire solar cells with efficiencies upto 
3.5%. The device performance under dark and light illumination is shown in Figure 
1.17b. IV characteristics and photovoltaic response were recorded from different n-
shell as shown in Figure 1.17c, which indicates n-shell is equipotential with radial 
carrier separation occurring uniformly along the entire length of the core-shell silicon 
nanowire device. A single silicon nanowire photovoltaic device operating under 8-sun 
illumination can generate the sufficient voltage to operate a silicon nanowire pH 
sensor.187 Thus self-powered nanosystem is an emerging application of nanostructure 
based devices.  Thus several fundamental breakthroughs in the past decade have been 
achieved for various applications and many more fundamental new discoveries based 
on these nanoscale materials have yet to come. 
 






Figure 1.17. (a) SEM images of device fabrication. Left, three layers correspond to the p-
core, i-shell, n-shell and PECVD-coated SiO2, respectively. Middle, selective etching to 
expose the p-core. Right, metal contacts deposited on the p-core and n-shell. Scale bars are 
100 nm (left), 200 nm (middle) and 1.5mm (right). Characterization of the p-i-n silicon 
nanowire photovoltaic device. (b) Dark and light I–V curves. (c) Light I–V curves for two 




1.10 Research objectives and Motivations 
 
The general significant challenge in the chemical vapor deposition synthesis of 
nanobelts is to control the nanostructure assemblies so that their size, dimensionality 
can be tuned towards their functionality. Using VLS process, the synthesis of 
uniform-sized nanobelts with pure crystalline phase and correct chemical composition 
is always challenging. As chalcogenides nanostructures often shows crystalline 
structures at different chemical composition and different phases exist in each 
crystalline structure. Thus it is very important to synthesize crystalline nanostructures 
with defined phase. The control of the morphologies of nanobelts would be more 
difficult.    
To synthesize 2D chalcogenides layered nanostructures, control of the quality of the 
films and number of layers grown has proven to be challenging task during the growth 
using CVD technique. As the vapor deposition growth of 2D chalcogenides is often 
noncatalytic so the growth of 2D nanosheets is subjected to strong effects of many 
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experimental parameters and the conditions that may play a negligible role in 
catalyzed growths of such nanostructures like nanobelts. 
Numerous efforts have been dedicated to synthesize high quality nanostructures. In 
the past decades, significant progresses have been made in understanding their growth 
mechanism and investigating the unique properties to integrate the novel 
nanostructures into functional nanodevices. A survey on the reported research papers 
shows that very recently the study on crystalline Ge based nanostructures especially 
GeSe, GeSe2 and GeS are going on actively. Even though very recently the synthesis 
of GeSe2 nanowalls, 3D GeSe2 nanostructures and GeSe nanocombs, nanosheets have 
been reported, the controlled growth of the nanostructures with narrow size 
distribution and the synthesis of highly crystalline nanobelts, nanoflakes morphology 
are still lacking. The synthesis of this type of chalcogenide nanostructures with 
desired size and morphology with controlled chemical composition is a challenging 
issue.  
Size- and shape-dependent properties of the nanosized materials necessitate the need 
for individual nanostructure characterization. To better understand fundamental 
physical properties and phenomena at the nanoscale, characterization of individual 
nanostructures is required. In this work, we have been working on the optoelectrical 
and electrical properties of individual chalcogenides semiconducting nanobelts. 
Nanobelt is the ideal system for fully understanding the dimensionally confined effect 
on various properties. We have studied the photodetecting property of GeSe2 
nanobelts and layered 2D GeSe nanosheets. The main objectives of the thesis are as 
follows: 
 Synthesis, characterization of GeSe2 and GeSe nanostructures with different 
morphologies. 
 Investigate of the possible synthesis mechanisms for the different 
morphologies nanostructures. 
 To evaluate the performance of devices with two different morphologies i.e. 
smooth-surfaced and stepped-surfaced GeSe2 nanobelt and individual GeSe 
nanosheet.       
 To investigate the electrical and optoelectrical behavior of individual 
nanostructure based nanodevices to probe the influence of metal-nanobelt 
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interface, defects and impurities present in the nanobelt on the device 
performance.  
 To study the possible reason for different photoresponse under different 
wavelength excitations with broad beam irradiation. 
 To investigate the local electronic structures and charge transport in individual 
nanobelt devices using focused laser irradiation.   
 To correlate the presence of possible defect induced deep traps states, which 
are observed from experiments, to the theoretical studies (First principles 
calculations based on density functional theory (DFT)). 
 To create direct micro-patterns on the nanostructures film and study the 
controlled structural changes during laser pruning, which has potential 
application in optoelectronics. 
 
1.11 Research Approaches 
 
In this report, in the first stage we use chemical vapor phase deposition to synthesize 
different morphologies Ge-based chalcogenide nanostructures, aiming to achieve best 
quality nanostructure growth with high purity, high crystallinity and high degree of 
structural control with best nanostructure yield. Thus in the first step the growth 
studies of the nanostructures in horizontal tube furnace are demonstrated, where 
various growth parameters, conditions were carefully optimized.  
Then various characterization techniques were used to examine the synthesized 
nanomaterials. Detailed morphology, crystal phase and chemical compositions of the 
nanostructures were characterized using X-ray diffraction (XRD), scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), energy dispersive 
spectroscopy (EDS), Atomic force microscopy (AFM), Raman spectroscopy and X-
ray photoelectron spectroscopy (XPS).  
After obtaining best quality nanostructures, we proceed to next step, where two probe 
electrical contacts are made for electrical and optoelectrical characterization of 
individual nanostructure. The details procedure for device fabrication and electrical 
characterization is discussed in the next chapter. Individual nanostructure based 
photodetector devices are demonstrated. The device photoresponse under different 
conditions and different wavelength excitation are discussed. High-gain 
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photoresponse of the single nanobelt, nanosheet devices with the possible electronic 
conduction and photoconducting mechanism are illustrated. From optoelectrical 
characteristics of the devices, we have discussed several important key points.  
We have used two distinct techniques to irradiate the laser beam to our nanodevices to 
characterize their optoelectrical response. A home built photocurrent measurement 
setup was used, which is described in the next chapter. A focused laser beam with 
spot size ~ 1.3 μm, in diameter, was employed to excite the nanodevice to investigate 
the photoresponse generated from different parts (such as, electrode-nanbelt interface 
and nanbelt surface) of the nanodevice, whereas a broad laser beam (spot size ~ 1.5 
mm, in diameter) was used to illuminate the full device. Using localized photocurrent 
measurement techniques, we have investigated local electronic structures and charge 
transport in the individual semiconductor nanostructure. The p-type conductivity 
nature of these nanostructures is addressed in the localized photocurrent results. We 
have also addressed the effects of presence of various defects and the presence of 
defect originated energy states to the photocurrent results under broad laser beam 
irradiation. Furthermore theoretical studies have been made to define the possible 
defect induced deep traps states. 
With the purpose of lower cost for device fabrication, we have successfully 
demonstrated the good photosensing properties of nanostructures networks. Direct 
micropatterns were created on the nanostructures network to improve the 
photosensing properties of the device.     
 
1.12 Organization of the thesis 
 
The thesis is organized as follows. In Chapter 2, the synthesis process, the brief notes 
of various characterization tools used to characterize the as synthesized nanomaterials 
has been discussed. The details of the fabrication process of individual nanostructure 
based nanodevices and the two different approaches of photoconductivity study of the 
nanodevices are presented in Chapter 2. The synthesis, characterization details of 
smooth surfaced nanobelts with charge carrier transport and optoelectrical properties 
of single GeSe2 nanobelt are described in Chapter 3. Chapter 4 describes the synthesis 
and characterization of stepped-surfaced GeSe2 nanobelts and its application as high-
gain photodetector. In Chapter 5, the direct laser patterning on the nanostructures film 
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were investigated with focused laser beam set-up and the controlled structural 
changes were studied during laser pruning. The possible application of such laser 
modified nanostructures has been discussed in the chapter. Chapter 6 describes the 
synthesis, characterization of single-crystalline GeSe nanosheet. The near infra-red 
(NIR) Schottky photodetectors based on individual single-crystalline GeSe Nanosheet 
is demonstrated in the chapter. Chapter 7 provides the summary of main results 
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Nano-fabrication, characterization, devices fabrication and 
measurement techniques 
 
In this chapter, we will present the controlled growth technique of the nanostructures 
and discuss the important roles of different parameters during the synthesis. Synthesis 
of different morphological nanostructures was investigated. Different chemical 
compositional nanostructures were also grown using the same techniques with 
different synthesis conditions. After synthesis, different characterization techniques 
were employed for the identification of structure, morphology and chemical 
composition of as-synthesized products. The techniques of making individual 
nanostructure based devices using laser lithography techniques are discussed. A 
description on the experimental setup used for optoelectronic characteristics of the 
devices is provided.       
 
2.1 Nano-fabrication of nanostructures 
 
The synthesis process was carried out in a horizontal tube furnace (Carbolite CTF 
12/75/700) using thermal evaporation and condensation method. The tube furnace 
contains a ceramic tube (outer diameter ~ 6 cm) with both ends vacuum sealed using 




Figure 2.1. Schematic of the experimental setup used for the growth of nanostructures.  
 
One end of the ceramic tube was connected to the rotary pump to control the 
environment of the synthesis chamber. The lowest achievable base pressure of the set-




up was ~ 6×10-3 Torr. Different gas environments can be created easily in the 
synthesis chamber by just introducing gas in the other end of the ceramic tube through 
gas flow controllers. The powder source and the growth substrates were loaded inside 
a quartz tube and placed inside the ceramic tube. The small quartz tube with one end 
sealed holds a great importance to increase the vapour concentration in the growth 
chamber. Usually the sourse materials are placed at the sealed end position of the 
small quartz tube near the center of the furnace and growth substrates are placed at the 
downstream position (open end) to collect the growth product. After loading the 
quartz tube, we evacuated the system to its lowest base pressure then we allow inert 
Ar gas to flow through the ceramic tube at a rate of 100 standard cubic centimeters 
per minute (sccm) and the pressure of the chamber was maintained at 2 Torr. The 
temperature of the furnace was raised at a rate of 20 oC /minute to final set 
temperature while the Ar gas was flowing throughout the synthesis process. The high 
temperature was maintained during the synthesis period of the nanostructures. Figure 
2.1 shows the schematic diagram of the experiential furnace set-up used for 
synthesizing nanostructures. Figure 2.2a shows the image of working tube furnace, 
which was employed to synthesize the nanostructures. Another furnace set-up is 




Figure 2.2(a) Image of the working tube furnace set-up, which was used for nanostructures 
synthesis. (b) Another available furnace set-up for nanostructures synthesis.  
 
The growth temperature of the nanostructures is controlled by changing the position 
of the growth substrates. Temperature profile of the furnace gives the rough idea 
about the temperature of the growth substrate. To test the optimal growth conditions, 




a series of substrates are placed across a wide temperature region. In this high 
temperature chemical vapour deposition (CVD) technique; there are various 
parameters such as environmental gas, pressure, and temperature, which determine 
the crystal growth kinetics, size and morphology of the final product. Those are: 
 
(1) Ambient gas dependency 
Different gas environments during the synthesis of the nanostructures have important 
effect on size and morphology of the synthesized nanostructures.1,2 It has been 
observed that the gaseous atoms affect the formation, transport of the nanoclusters 
and the phase separation process during the growth of the nanostructures. Different 
gas environments with different thermal conductivities affect the cooling rate of the 
nanoclusters formation. For example, He gas has higher thermal conductivity than N2, 
thus higher flow rate of He gas will introduce faster cooling rate. The inert gas flow 
rate also represents an important parameter for the controlled synthesis of the 
nanostructures. The different gas flow rate affects the crystalline, length and 
structures of the nanostructures. The specific gas flow rate can produce optimum 
length and better crystallinity of the nanostructures.    
 
(2) Pressure dependency 
The synthesis of different morphologies like nanorods, nanotubes, and nanowalls of 
ZnO has been reported by adjusting the growth pressure from 10 to 0.06 Torr in 
chemical vapour deposition process.3,4 Thus it is obvious that the chamber pressure of 
the growth region plays an important role in the growth process. It has been observed 
that the lower chamber pressure facilitates a higher surface-to-volume ratio. Thus the 
control of high pressure is one of the requirements for nanostructures synthesis.  
 
(3) Temperature dependency 
Control uniform temperature region is important for the nanostructures synthesis. The 
two growth regions with slight variation of temperature assist the nanostructures 
growth of two different morphologies.5 For catalytic VLS synthesis, the temperature 
for the growth region must cross the eutectic temperature to assist the catalytic 
growth. It has been observed that higher temperature favors the side growth for the 
favorable growth directions for some semiconducting nanostructures. Thus the slight 
temperature variation has effect on the growth rates at different crystal planes. It has 




been reported for ZnO nanostructures synthesis that, at low temperature the VS 
growth mode dominates the growth process, whereas as temperature increases the 
VLS growth mode dominates the growth process.6    
 
2.2 Characterization methods 
 
A wide variety of characterizing tools were used to investigate morphologies, 
structures, chemical composition, chemical purity, structural properties, electrical and 
optical properties of the as-synthesized nanostructures. In this section, we have given 
very short introduction of some characterizing tools used to study the grown 
nanostructures. The characterization tools are:  
 
(1) Scanning electron microscopy (SEM) 
SEM (JEOL JSM-6400F) was heavily used to investigate the surface morphology of 
the as grown structures. SEM was operated in the secondary electron image (SEI) 
mode, where secondary electrons were ejected from the surface of the nanostructures 
and the detected electrons were imaged. SEM also works in backscattered electron 
image (BEI) mode by detecting backscattered electrons, which is related to the atomic 
weights of the constituent elements. Thus the elemental composition of the sample’s 
surface can be imaged via the BEI mode. The sample holder is made in such a way 
that the samples can be rotated, tilted in a certain range and the cross sectional image 
of the sample can be viewed. The resolution of the SEM is about few nanometer (nm).  
 
(2) Energy Dispersive X-ray (EDX) microanalysis 
Each element of the sample has many energy levels. When the ejection of an inner 
level electron (low energy) of one element is achieved by an energetic electron from 
electron source cloud then there will be many potential mechanisms for vacancy 
filling, which will emit a different pattern of x-rays.  The emitted x-rays can be 









(3) Transmission electron microscopy (TEM) 
Using TEM, it is possible to observe the details of the nanomaterials with high 
resolution mode. To observe the atomic scale image of the nanostructures, we have 
used TEM, where the sample was specially prepared in the TEM grid. The transfer of 
energy between incident electrons and the atoms of the sample are operated through 
electron energy loss spectroscopy (EELS) and X-ray emission (EDX) to perform a 
chemical analysis of the sample. Elements mapping technique attached with TEM was 
used to monitor the presence of element throughout the nanostructures.   
 
(4) X-ray diffraction (XRD) 
Typical diffraction experiments give the intensity of diffracted X-ray as a function of 
diffraction angle. We have used XRD (Bruker, Cu Kα radiation) to determine the 
crystal structure of the synthesized nanomaterials. Using the XRD instrument, a 
variety of different experiments like glancing angle XRD (GAXRD) can be 
performed to obtain more about structural information of the materials with high 
surface sensitivity.      
 
(5) X-ray photoelectron spectroscopy (XPS) 
To evaluate the chemical composition and purity of the as grown nanostructures, XPS 
(Omicron EA125 analyzer, Mg source) spectra were obtained from the grown 
nanostructures. The nanomaterial was irradiated by a beam of X-rays and the kinetic 
energy and the number of electrons that escape from the top few nanometers of the 
material are analyzed. The kinetic energies of core level photoelectrons were detected 
to explore the chemical environments with high sensitivity and precision.   
 
(6) Raman spectroscopy 
In our experiments Raman spectroscopy was used to get the structural information of 
as grown nanostructures. Raman spectroscopy was also used to study the local 
structural changes of the nanomaterials via laser modification and controlled 
processing. Generally a small area of the sample is irradiated with a focused laser 
beam. The light from the illuminated spot is collected and sent through 
monochromator, where the wavelength close to the excited laser wavelength are 
filtered out with high sensitivity and the rest of the collected light is dispersed onto a 
detector. The Raman system, Renishaw system 2000 Raman spectrometer was 




utilized. All Raman experiments were studied in ambient atmosphere at room 
temperature and higher temperature.     
 
(7) Atomic force microscopy (AFM) 
AFM is a high-resolution type of scanning probe microscopy with resolution 1000 
times better than the optical diffraction limit. We used AFM to characterize the 
surface of grown nanostructures in terms of their different morphologies. We have 
used AFM tool to measure the thickness of 2D nanostructures and height of the 
different layers. There are two different modes i.e. contact mode and tapping mode to 
image the nanostructures. To obtain AFM topographical scan of the grown 
nanostructures, we have placed the nanostructures to a clean Si substrate and scan the 
structures in trapping mode.   
 
(8) Keithley measurement unit 
For all electrical measurements of the nanostructure based devices and to characterize 
the optoelectrical properties of the devices, we have mainly used Keithley 
measurements units of model number 6430 and 2636A. Model 6430 is a sub-
femtoamp unit, which is combined with voltage and current source and source 
measurement unit (SMU). Model 2636A is also used for I-V characterization tool and 
multi-channel I-V test systems. The 2636A measurement instrument is embedded 
with TSP Express software tool, which facilitates data acquisition without installing 
any software. These units are well known and popular for superior specifications in 
sensitivity, noise, and input resistance.     
 
2.3 Single nanobelt based device fabrication 
 
In our study, we have used laser lithography technique to fabricate individual 
nanostructures based electrical device. In this laser lithography technique, UV focused 
laser was used to write the pre-patterned electrodes on the photoresist coated 
substrate. We have used uPG101 from Heidelberg Instrument Co. for laser writing. 
The full process to deposit electrical contacts with our desired electrodes pattern on 
the nanostructures is shown in the schematic diagram (Figure 2.3), which is described 
as follow: 






Figure 2.3. Schematic diagram representing the steps to fabricate individual nanobelt based 
devices.  
 
Step 1 shows the Si substrate (size: 1 cm × 1 cm) with SiO2 (thickness: 100 nm) 
insulating layer as a supporting substrate for the electrical devices. The Si/SiO2 
substrates were cleaned by sonicating in deionized water and isopropanol for 15 mins 
respectively, and then dried by nitrogen gas flow. In the next step (Step 2) the 
individual nanobelts were transferred to the holding substrate by dropcasting the 
nanostructures solution. In Step 3, uniform photoresist coating (positive photoresist 
AZ1518) was made onto the substrate such that the thickness of the coated photoresist 
will be around 2 μm, which is optimized under the situation of properly laser 
patterning and easy lift-off during acetone treatment. Our desired electrodes patterns 
were created using AutoCAD software. Then the electrodes patterns were loaded to 
the software, which controls the laser writing system. The photoresist coated substrate 
was loaded to the laser writer instrument under vacuum tight environment. Figure 
2.4a shows the image of the laser writer instrument (Heidelberg Instruments μPG 
101) which is sitting on optical bench and interfaced with software in attached 
computer.   
 






Figure 2.4. (a) Optical image of the laser writing set-up, which was used for fabricating 
individual nanobelt devices. (b) Optical image of the sputtering system.  
 
In step 4, the electrodes patterns were written using the software and laser writer, 
where the required optimized laser power was used to obtain the designed patterns. 
The laser power was optimized according to the thickness of the photoresist used on 
the substrates. Then the laser patterned substrates were immersed into the developer 
to remove the UV laser writing part (step 5). Then the patterned substrates were 
collected and placed inside the sputtering chamber, where the metal deposition was 
done. Figure 2.4b shows the image of the sputtering instruments used for the 
sputtering Cr, Au metals. In step 6, Cr metal of few ten nm thick as an adhesive layer 
and then Au metal of few hundred nm thick were sputtered on the patterned 
substrates. In the next and last step, the sputtered substrates were placed inside 
acetone for long time to remove the photoresist and metal layer, which is shown in 
step 7 in Figure 2.3. Finally the single nanobelt devices with two Au pads are ready 
to test their electrical properties.           
2.4 Cleaning and decoration of Au clusters on Si (100) 
 
To synthesis the GeSe2 nanostructures, we have used Si (100) substrate to promote 
and harvest the growth products. The nanostructures were directly grown on the 
substrates. Before using the Si substrates, the cleaning of the substrates is important. 
And the coating of Au clusters on the Si substrate is important to promote the VLS 
growth process of the nanostructures. The cleaning process and description for 
decorating Au clusters on substrate is presented below.   







Figure 2.5. SEM image of the ~80 nm Au nanoparticles placed on cleaned Si (100) substrate. 
Inset shows the magnified SEM image of the Au nanoparticles decorated Si substrate. 
 
Few pieces of Si substrates (dimension: length × width × thickness ~ 1 cm × 1cm × 1 
mm) were cut from Si (100) 6-inch wafer. The Si substrates were cleaned by a solvent 
cleaning process, followed by de-ionized (DI) water rinse and blow dry nitrogen gas. 
Two-solvent method was used to clean the substrates’ surfaces. Two separated 
acetone bath and methanol bath were prepared. The substrates were placed in the 
glass container with acetone and sonicated for 2-3 minutes. Then the substrates were 
removed and placed into the methanol bath for 2-5 minutes sonication. After that the 
substrates were taken and rinse in DI water followed by blowing dry nitrogen. 
The cleaned Si (100) substrates were functionalised with 0.1% w/v aqueous poly-L-
lysine solution (Ted Pella), where the substrates were dipped into the solution for 2 
minutes. The substrates were taken from the solution and dried with nitrogen gas. 
Then the dried substrates were dipped into diluted solution of Au colloid (diameter 60 
nm) solution (Ted Pella) for 4-5 minutes. The substrates were taken and dry with 
nitrogen gas. SEM images (Figure 2.5) show the Au nanoparticles (diameter ~ 80 
nm) coating on the cleaned Si substrates.     
        
Using sputtering instruments, we have also grown Au nanoparticles and nanoclusters 
film on the cleaned Si substrates. The cleaned Si substrates were loaded inside the 
magnetron sputtering chamber where the vacuum level of the chamber was 
maintained ~ 10-6 Torr. Au target was installed inside the chamber for the Au film 




deposition on the substrates. Argon gas was used as sputter gas. The argon gas filled 
the whole deposition chamber at chamber pressure at 2 Pa with the fixed 100 W 
power for 15 s deposition duration.    
 
2.5 Techniques for photoconductivity measurements 
 
To study the optoelectrical properties of the individual nanostructure based devices, 
two different light illumination techniques were employed in our experiments. The 
two different methodologies are: (1) global irradiation technique and (2) localized 
irradiation technique. Figure 2.6a and b shows schematic diagram of the techniques 
used for the photocurrent measurements i.e. global irradiation and focused laser 




Figure 2.6 (a) Schematic diagram of the individual nanobelt device under global laser 
irradiation, where the laser illumination area is larger than the electrodes spacing area. (b) 
Schematic diagram of the same nanobelt device under localized laser light irradiation. A 
single nanobelt is placed between the Au electrodes.  
 
(1) Global illumination technique 
 
Figure 2.7 (a) shows the schematic diagram of the experimental set-up for 
optoelectrical measurements of individual nanobelt device under global laser 
illumination. The laser spot size (diameter ~ 3 mm) is larger than the gap between the 
Au electrodes. The laser source is directly mounted on the top of the device, which is 
electrically connected to the measurement unit. In this technique, the different parts 
(i.e. electrodes, electrodes-nanobelt junctions/interface, and top surface of the 
nanobelt) of the device are uniformly illuminated with the laser source. Thus there 




will be contribution of all active regions in electrical response of the device under 
light illumination.  
 
 
Figure 2.7. Schematic diagram of the experimental set-up, which was used for optoelectrical 
measurements of the individual nanostructure based devices in vacuum environment under 
global laser illumination. 
 
The experimental set-up for the photoconductivity measurements in an ambient as 
well as in vacuum conditions with global irradiation is shown in Figure 2.8. The 
sample chamber was directly attached to the roughing pump, which could produce a 
vacuum level of ~ 10-2 Torr. In order to achieve a good vacuum level, the chamber 
was then connected to turbopump, which could produce high vacuum level of ~ 10-6 
Torr. To examine the electrical characteristics of the devices, either Keithley 6430 or 
Keithley 2636A source-measure unit was employed. The Keithley units were attached 
with the data acquisition software installed in the computer. Several laser sources 
were used to excite the devices. The power meter (sensor disk: silicon, 8mm 
aperture), which is accurate in the wavelength range of 400-1064 nm, was used to 
determine the laser power. 
   






Figure 2.8 Photograph of the home-built experimental set-up used for electrical and 
optoelectrical measurements of the individual nanobelt based devices in global illumination 
techniques. 
 
The photograph (Figure 2.8) of the experiment set-up shows the various parts of the 
home-built system, which was used for the global irradiation to the devices. The laser 
source was set at the top of vacuum chamber from where the laser was irradiated 
through the transparent glass window of the vacuum chamber. The nanobelt device 
was placed inside the chamber and the electrical connecting wires were connected to 
external measure-source unit through vacuum sealed leads attached in the vacuum 
chamber. 
 
(2) Localised irradiation technique 
 
In localized photocurrent measurements, a selected portion of the nanobelt device is 
excited by the focused laser irradiation. The nanobelt body part, nanobelt-metal 
electrode and metal electrode can be separately irradiated by focused laser and the 
resulting change in electrical current is measured. Figure 2.9 shows the schematic 
diagram of the experimental set-up, which was used for optoelectrical measurements 
of the individual nanostructure based devices under focused laser irradiation. For 
individual nanobelt with length of few ten microns, such a position-dependent 
photocurrent measurement can be studied with the laser beam of spot size in micron. 
 






Figure 2.9 Schematic diagram of the experimental set-up, which was used for optoelectrical 
measurements of the individual nanostructure based devices under focused laser irradiation. 
 
The full set-up, which was used for optoelectrical characteristics of the nanobelt 
devices, was built on optical table. The laser beam was successively reflected from 
the mirrors (M1 and M2) and entered into the optical microscope set-up. After 
reflection from beam splitter, the laser beam goes through the lens, where the laser 
beam is focused into a tiny laser spot.  
 
 
Figure 2.10 Photograph of the home-built experimental set-up used for electrical and 
optoelectrical measurements of the individual nanobelt based devices in localized 
illumination techniques. Optical image of different parts are: (a) sample stage under 
microscope, (b) red laser source, and (c) optical microscope used to reduce the spot size of the 
laser. Inset in (c) shows the optical image of the Keithley sourcemeter.  




The focused laser beam was produced into different laser spot sizes using different 
microscopic objective lenses. CCD camera, which was attached to the microscope, 
was used to monitor the spot illuminated area. Some parts of the experimental set-up 
used in localized photoconductivity measurements are shown in Figure 2.10. The 
optical microscope stages with the device, laser source, Keithley sourcemeter, etc. are 
shown in the photograph. Single nanobelt localized photoconductivity measurements 
were carried out by irradiating the nanobelt with focused laser beam from continuous-
wave laser source in conjunction with an optical microscope. The laser beam was 
focused by using objective lens of the microscope after successive reflection through 
mirror. The laser spot can be focused into diffraction limited spot size of < 1μm by 
using the 100x objective lens (Leica, NA: ~0.75) of the microscope. The local 
photoconductivity measurements set-up was able to selectively probe the 
photoresponse from the nanobelt body and from the nanobelt-metal electrode 
interface.        
The morphology, structure and chemical composition of the as-synthesized 
nanostructures were characterized by using field emission scanning electron 
microscopy (FESEM, JEOL JSM-6700F), transmission electron microscopy (TEM, 
JEOL, JEM-2010F, 200 kV), energy-dispersive X-ray spectroscopy (EDX) equipped 
in the TEM, X-ray diffraction (X’PERT MPD, Cu Kα (1.5418 Å) and Raman 
spectroscopy (Renishaw system 2000, excitation 514.5 nm  Ar+ laser). The ex-situ 
prepared nanostructures were mounted on a sample holder and subsequently 
transferred into an ultrahigh vacuum system specially designed for characterization of 
nanoscale materials. X-ray photoelectron spectroscopy (XPS, Omicron EA125 
analyzer) measurements were carried out using twin anode X-Ray source (1253.6 eV) 
to determine the composition of the synthesized product. Absorption spectrum was 
obtained using a UV–Vis spectrophotometer (Shimadzu UV-3600). Electrical and 
optoelectrical measurements were carried out using Keithley-6430 souse 
measurement unit under vacuum at a pressure of 0.001 mbar. The laser beam was 
directly irradiated onto the device through a transparent glass window of a vacuum 
chamber and the device was electrically connected through a pair of vacuum 
compatible leads to the source unit. Different continuous laser sources from the diode 
laser (405 nm, Power Technilogy, Inc.; 808 nm, EOIN) and SUWTECH LDC-2500 
diode laser of 532 nm and 1064 nm were used for the measurements of the 
photoresponse properties. 
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GeSe2 Nanobelts: Synthesis, Characterization and Optoelectronic 
Characteristics 
 
Single crystal GeSe2 nanobelts were successfully grown using chemical vapor 
deposition techniques. The morphology and structure of the nanostructures were 
characterized using scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), X-ray diffractometry (XRD) and Raman spectroscopy. Electronic 
transport properties, photoconductive characteristics and temperature-dependent 
electronic characteristics were examined on devices made of individual GeSe2 
nanobelt. The current increased by three orders of magnitude upon laser irradiation 
(wavelength 532 nm, intensity ~ 6.8 mW/cm2). Localized photoconductivity study 
shows that the large photoresponse of the device primarily occurs at the metal-NB 
contact regions. In addition, the electrically Schottky nature of nanobelt/Au contact 
and p-type conductivity nature of GeSe2 nanobelt are extracted from the current-
voltage characteristics and spatially resolved photocurrent measurements. The high 
sensitivity and quick photoresponse in the visible wavelength range indicate potential 




The development of stable, fast and broad band individual nanobelt (NB) 
photodetectors has attracted interest towards optoelectronic device.1,2 Previous work 
has demonstrated the key issue of nanostructures-metal electrode interface for 
nanoelectronic devices and described important factors that are responsible for the 
photoconductivity of individual NB devices. These factors include design of 
electrodes, contacts formation between nanowire-metal and the band bending effects 
caused by the surface states on the nanowire surface.3-5 Single-NB devices enable 
careful study of fundamental processes such as charge transfer, surface 
recombination, and minority carrier diffusion.6,7,8 The mechanisms of carrier 
generation with charge transport and collection in nanowire/nanotube photodetectors 
have been addressed.9,10 Recently Varghese et al. have shown the ohmic nature of the 
nanowire/electrode contact and the p-type conductivity of individual nanowire from 





the current-voltage characteristics. In addition, spatially resolved photocurrent 
measurements was demonstrated.11 Therefore it is important to quantify the important 
role of the contacts (nanostructures-electrodes) of the nanodevices and optoelectronic 
devices using non-destructive methods for better insights into their performance. It is 
also important to identify the possible reasons for response of the nanomaterial under 
external laser irradiation and find out the possible conduction mechanism of the 
charge carriers in the nanodevice.  
A large number of studies including steady-state photoconductivity measurements 
have been made of the amorphous germanium selenide system. Defect states in Ge 
based chalcogenides including GeSe2 glasses have been observed by 
photoluminescence and electron spin resonance spectroscopy (ESR).12 Two distinct 
localized states are available near to the mid band gap of GeSe2. These states are 
interpreted as defect states with negative correlation energy, originated from Ge and 
Se atoms.13     
Recently, single-crystalline GeSe nanostructures including nanocomb and nanosheets 
have been reported for high-performance electronic devices based on layered p-type 
semiconductor. Germanium diselenide (GeSe2) is also emerging as an important wide 
bandgap IV-VI semiconductors (Eg = 2.7 eV) with layered structure used in 
telecommunications applications and waveguides application.14,15 Single-crystalline 
GeSe2 nanowalls have been reported as a promising candidates for application in field 
emitter.16  
In this chapter, we report the controlled synthesis of single-crystalline GeSe2 NBs by 
a simple chemical vapor deposition (CVD) method and demonstrate the electrical and 
photoconducting properties of individual GeSe2 NB. This is the first report of the 
synthesis of such high crystalline GeSe2 NBs, which was synthesized at low 
temperature CVD process compared to recently reported GeSe2 nanostructures.
16,41 
We have discussed the possible growth mechanism of such catalytic growth of GeSe2 
NB. Using Raman spectroscopy at high laser intensity, local structural change from 
as-grown β-crystalline to α-crystalline phase have been observed in single GeSe2 NB. 
Two terminal current-voltage (I-V) measurements and temperature dependent I-V 
measurements of single GeSe2 NB device were performed. Temperature dependent I-
V measurements indicate thermal effect as the possible transport mechanism. We 





performed standard photocurrent measurement of individual NB by irradiating the 
laser beam (wavelength 532 nm) uniformly over the NB device (global irradiation) 
and by applying spatially (~ 3 μm) resolved focused laser over the different parts of 
the individual NB device (localized irradiation). The current increased by three orders 
of magnitude upon laser irradiation. Localized photoconductivity study shows that the 
large photoresponse of the device primarily occurs at the metal-NB contact regions. 
High photoresponse of the individual GeSe2 NB device is attributed to the thermal 
effect, metal-Au contacts and the presence of isolated mid band gap defect levels. 
 
3.2 Experimental Section 
 
In our experiments, the synthetic route is described as follows. The mixture of pure 
Ge powder (Sigma Aldrich, purity 99.99%), Se powder (Sigma Aldrich, purity 
99.99%) and carbon nanopowder (particle size < 50 nm, Sigma Aldrich, purity 
99.99%) in molar ratio of 1:2:3 was used as source materials. The Au coated (15 nm 
thick) Si substrate and the small alumina boat containing a small amount (~ 0.4 gm) 
of as milled Ge:Se:C source powders were loaded into an one-end open quartz-glass 
tube. The tube was inserted in a horizontal quartz tube placed in a conventional tube 
furnace18 such that the substrate was set down-stream of the mixed Ge:Se:C source 
powders and the distance between them was about 28 cm. Then the quartz tube was  
 
Figure 3.1. Schematic illustration of the setup for the synthesis of GeSe2 nanostructures. 
evacuated for 2 hrs by a vacuum pump and subsequently was filled with argon. The 
argon gas was allowed to flow for 1 hr. After that, the furnace was heated under an 





argon flow of 100 sccm (standard cubic centimeters per minute). When the 
temperature reached 680 oC (heating rate: 30 oC min-1), the pressure of Ar carrier gas 
was maintained at ~ 2 mbar during synthesis for 30 mins. After the reaction was 
terminated, the substrate was coated with a layer of yellow product. The process of 
vapor transport and deposition method used for the controlled growth of GeSe2 
nanostructures is schematically shown in Figure 3.1.  
Two probe based individual smooth-surfaced GeSe2 NB devices were fabricated using 
laser lithography process as described in the device fabrication method as described in 
Chapter 2. Two Au pads were deposited across the single NB. GeSe2 NB 
photodetectors were fabricated using standard laser lithography technique. GeSe2 NBs 
were first dispersed in ethanol and then dropped onto a SiO2/n-Si substrate. Laser 
lithography and Au (200 nm) film deposition and lift off were performed to pattern 
electrodes on the individual GeSe2 NBs. The current-voltage (I-V) and all electrical 
characteristics of the GeSe2 NB device was measured using Keithley 6430 source-
measure unit with the device housed in a vacuum chamber. The photoresponse of 
these photodetectors was measured using continuous wave laser beam from the diode 
laser (532 nm, SUWTECH, LDC-2500). The laser beams could directly irradiate the 
NB device through a transparent glass window of the vacuum chamber and the device 
was electrically connected through a pair of vacuum compatible leads to the source 
meter. For localized photocurrent measurements, continuous wave laser beam from 
the diode laser (532 nm) was focused into a tiny spot (spot size ~ 3μm) using 
objective lens of an optical microscope. The test devices were placed onto the optical 
microscope sample stage and the position dependent localized photocurrent was 
measured by irradiating the focused laser on different position of the nanowire device. 
The devices were positioned on a heating stage for systematic variation in temperature 
and simultaneously the I-V characteristics were recorded with variation in 
temperature. The temperature of the device was controlled by a Linkam [TMS 94] 
temperature controller. All electrical and optoelectrical measurements of single NB 
based two probe devices were measured under vacuum of 0.001 mbar. 
 
 





3.3. Results and Discussions  
3.3.1. Synthesis, characterization and growth mechanism 
 
 
Figure 3.2. (a) FESEM image, (b) low-magnification TEM image, (c) HRTEM image, and 
(d) EDX spectrum of the as-synthesized GeSe2 NBs. Inset in (d) shows the unit cell of GeSe2 
NB. Green balls and pale yellow balls represent Ge and Se, respectively.  
The NB morphology is evident in Figure 3.2a in which a twisted belt with a thickness 
of several nanometer is portrayed. The FESEM image (Figure 3.2a) shows as-
synthesized GeSe2 NBs with an average width of ~ 2 μm and a length of ~ 50 µm. 
The thickness of the NBs is about 60-80 nm (Figure 3.4 a,b). The cross-section of the 
NB is rectangular as shown in Figure 3.4c (supporting information). The high-
resolution TEM image confirmed that the GeSe2 NB has a single crystalline nature. A 
low magnification TEM image of a single NB shows that the NB has smooth surfaces 
as shown in Figure 3.2b. The width and thickness of a given NB are uniform along 
the whole length. The GeSe2 NBs grow along <002> direction, which gives rise to a 
relatively intense diffraction peak of the (002) plane. The high-resolution TEM image  






Figure 3.3 (a) Optical image of the individual smooth surfaced GeSe2 NB two-terminal 
device fabricated on the SiO2/Si substrates with two Au electrodes pads. (b) Magnified SEM 
image of the red box as marked in (a), which shows the dimensions of the fabricated device. 
(c) More optical images of the device. Inset shows clearer image. (d) SEM image of the 
optical image (c). The scale bars and dimensions of the images can be viewed from (b).     
 
of a single NB (Figure 3.2c) exhibits clear fringes perpendicular to the NB axis. The 
fringe spacing measures 0.59 nm, which concurs well with the interplaner spacing of 
(002) and alludes to the NB growth direction along [002]. This is consistent with the 
common growth direction of GeSe2 NB along [002] direction, as seen in the growth 
direction of the stepped surfaced GeSe2 NB.
17 On the basis of the XRD and TEM 
results obtained above, a structural model of the synthesized GeSe2 NBs is inserted in 
Figure 3.2d, which extends along [002] direction.The optical images of the fabricated 
individual NB device are shown in Figure 3.3a. The magnified optical images 
(Figure 3.3c) and the inset) show clearly that the yellow colored single GeSe2 NB is 
placed between the two yellow Au pads. The fabricated single NB with electrically 
connected micron sized Au pads was supported with thick SiO2 coated Si substrate. 
The thickness of SiO2 coating was ~ 500 nm as shown green color in the optical 
images. A cleared view can be seen from the SEM images of the device as shown in 
Figure 3.3 (b) and (d).  
 






Figure 3.4. (a) AFM image of a GeSe2 NB. (b) 3D AFM image of a single GeSe2 NB. (c) 
Cross sectional profile, which is drawn along the marked line in (a), shows the thickness of 
the NB is 70 nm. 
 
The molecular ratio of Ge/Se calculated from the EDX data (Figure 3.2d) is 
approximate 1:2, which is in agreement with the stoichiometric ratio of GeSe2 and 
confirms that the as-grown NBs are indeed composed of monoclinic structured GeSe2 
crystal. The Cu peaks in the EDX spectra were from the TEM copper grid. Inset in 
Figure 3.2d shows the ball-stick model of the unit cell of GeSe2 with layers along 










Figure 3.5. (a) Typical XRD pattern of GeSe2 nanostructures. Inset: the structural model of 
GeSe2 with layered structure showing the stacking of tetrahedrons along (002) direction. (b) 
Raman spectra taken during the laser induced crystallization process of crystalline GeSe2 
NBs. At full laser power, the NB crystallizes into the α-phase (peak position at ~ 200 cm-1) 
with accompanying β-phase (peak around ~ 210 cm-1). 
 
Shown in Figure 3.5a is the XRD pattern of the as-prepared NBs sample. It can be 
seen that the XRD pattern is in conformity with monoclinic GeSe2 (a = 7.016Å, b = 
16.79 Å, c = 11.831 Å). In the XRD pattern of the NBs sample, the relative peak 
intensity of the diffraction plane (002) is much higher when compared with that of the 
standard powder diffraction pattern of bulk GeSe2.  A structure model of monoclinic 
GeSe2 is sketched (inset in Figure 3.5a) to illustrate the growth of the NBs. It can also 
be seen that GeSe4/2 tetrahedra are connected along (020) plane, whereas the layer-by-
layer growth is indicated along [002] direction.  
Figure 3.5b shows the Raman spectra of as synthesized GeSe2 NB with varying laser 
power excitation throughout the measurements. During the photo-induced 
crystallization process at around the laser excitation power of 100%, we have 
observed two vibrational modes in Raman spectra. The Raman band located around 
210 cm-1 indicates β-form crystalline and a Raman band (at around 200 cm-1) 
indicates α-form crystalline of GeSe2 nanostructures.19,20 Raman bands at 200 cm-1 
and 210 cm-1 are assigned to the breathing mode (BM) of GeSe4/2 tetrahedra with 
corner and edge sharing connection, respectively. The integrated intensity ratio of the 
α band and β band is ~ 1.5 : 1, which indicates  the significant α-phase crystallization 
that occurred along with β-phase crystallization. One possible reason for the 
formation of α-phase crystallization along with β-phase crystallization is the local 





heating due to the irradiation of high laser power. However as shown in the other two 
Raman spectra in Figure 3.5b we have not observed any α-phase crystallization peak 
at low laser excitation power which confirms that pure β-crystalline GeSe2 NBs were 
obtained during synthesis.19,20 As our photocurrent measurements were performed at 
very low laser power irradiation, the photoresponce and optoelectronic properties 
were reflected of the nature of β-phase GeSe2 NBs. 
In the past few years, a number of reports addressed the growth mechanism of NBs of 
different material system.28-30 Better understanding of growth process to obtain NBs 
of desired size and morphology is important in determining their properties. The most 
common synthesis method for NB system in vapor-phase   
 
Figure 3.6. (a) Low magnification SEM image of the smooth surfaced GeSe2 NBs. (b) Low 
magnification TEM image of the GeSe2 NB with Au alloy clusters at the tip of the NB. 
Schematic illustrations of Au catalysts assisted VLS growth process of smooth surfaced 
GeSe2 NB at high temperature: (c-f) show the possible stages of the NB synthesis. 
 
synthesis is either VS growth31 or catalyst-assist VLS growth.32 The SEM and TEM 
images (Figure 3.6a,b) of the grown tips of the NBs show that the diameter of the Au 
alloy catalyst is higher than the thickness of the produced NBs, which suggests that 
the thickness of the NBs can be controlled by the size of the Au catalysts. It has been 





observed from the SEM image (Figure 3.7a) of the growth substrate Si coated with 
thin seed layer of Au nanoparticles that each NB grows with the assistance of Au 
nanoclusters. Au alloy formation at the tip of the individual NB has been shown in the 
TEM image (Figure 3.7b) and corresponding EDS elemental map confirms the 
presence of Au element (Figure 3.7c) at the tip of single NB. Figure 3.7 (c-e) 
confirms the Au alloy formation at the tip of the NB. 
  
 
Figure 3.7. (a) SEM image of GeSe2 NBs grown from the edge of Au film coated Si 
substrate. (b) TEM image of the Au cluster formation at the tip of the single NB. (c-e) false-
color energy dispersive X-ray spectroscopy (EDS) elemental map of Au, Ge and Se, 
respectively in the rectangular region defined in (b). 
 
By heating the source materials (mixture of Ge, Se powder with carbon) at a relatively 
high temperature of 680 oC, Ge and Se vapors are generated and transported to the 
downstream region with the help of inert Ar carrier gas. Under inert atmosphere, 
carbon powder helps to occur carbothermal reduction of the formation of oxide layer 
on the surface of Ge, Se source particles. The liquid Au droplets, which are formed 
from the Au nanoparticles coated film on Si substrate at the elevated temperature,21 
act as nucleation sites and get absorb the vaporized reactants (i.e. Ge and Se vapors). 
Continuous absorption, dissolution of Ge and Se in the Au-Ge-Se eutectic17 alloy 
droplets will lead to saturation of GeSe2, which results in the nucleation and growth of 
GeSe2 NBs through VLS process. For longer time growth process, more reactance 





vapor of the source materials stay in the growth region for longer time, which assists 
longer growth of the NBs. This growth process is schematically shown in Figure 
3.6(c-f). This Au-catalyzed VLS growth process for NB synthesis is similar to those  
reported for the synthesis of In2O3 NBs,
22 Ga2O3 NBs
23 and CdS NBs.24 
 
Figure 3.8 (a) Low magnification SEM view of the GeSe2 nanostructures grown from the 
edge of the substrates. The different parts of the grown nanostructure (i.e. tapered bases, 
gradually increments stem, and uniform diameter body) are labelled in the SEM image. (b) 
(Top) Schematic of the nucleus formed on the molten Au-Ge-Se alloy droplet and growth of 
GeSe2 NB at initial stage with tapering. (Bottom) Schematic representation of the grown NB 
with specified different regions.       
 
Form the SEM image (Figure 3.8a); it has been observed that the morphology of the 
NBs is controlled by the growth of both axial and side growth. The side growth using 
VS growth process has been discussed in many nanostructures material system. 
Similarly this could be applicable in smooth surfaces GeSe2 NBs that VLS growth 
process governs the growth along the belt length direction and VS growth process 
governs the side growth and belt thickness. The SEM image (Figure 3.8a) of the 
smooth surfaced GeSe2 NBs on the edge of the growth substrate (Au coated Si 
substrate) shows that the bases of the NBs show tapering. The tapered segment of the 
NB is just restricted to the base, which is probably due to the limitation of adatom 
diffusion through the NB sidewall. It is reported that the upward adatom mobility via 
the NB sidewalls decreases at high temperature.25 The tapering also indicates that the 
adatom surface diffusion from the substrate up the NB sidewalls forms a direct path 
for the growth species reaching the alloy droplet other than the possible direct 





impingement of the atoms on the droplet.26 The tapering of the NB may explain the 
basis of stability and the shape of alloy catalyst, which was observed on the tip of the 
NB. Figure 3.8b (top) illustrates that the Au-Ge-Se alloy droplet form large contact 
area with Si substrate at the first stage and the diameter of the nucleus is controlled by 
the size of catalyst contact area at the liquid-solid interface. The contact angle 
measurements and surface tension at the interface of various regions at the initial 
stage of growth process with the modified Young’s relation27 may suggest that the 
rate of decreases in diameter of the nucleus is much larger close to base and then 
decreases as length increases. Thus the reduction of the size of the catalyst at the top 
of NB is observed and formation of the NB with stable alloy catalyst is observed too. 
Figure 3.8b (Bottom) shows the schematic representation of the grown NB, where the 
different regions of the NB are labelled.             
 
Figure 3.9. Different morphologies of smooth surfaced GeSe2 nanostructures: (a-c) GeSe2 
NBs and (d-f) mixture of GeSe2 nanoflakes and NBs.  
 
Smooth GeSe2 nanostructures such as NBs, nanoflakes and a mixture of NBs and 
nanoflakes were synthesized under similar growth conditions. For prominent growth 
of smooth GeSe2 nanostructures as a major product, the growth substrate was placed 
at a distance of ~ 28 cm from the source powder. The various different morphologies 
GeSe2 nanostructures with smooth surface were obtained during growth as shown in 
Figure 3.9. From different parts of the growth substrate and from different growth 
process, the SEM images were taken to get more information about the growth 





product. Figure 3.9(a-f) shows the various morphologies GeSe2 nanostructures were 
grown in the furnace synthesis.  
 
3.3.2. Photocurrent measurements using broad beam irradiation 
 
Two-probe I-V and electrical measurements were carried out on individual GeSe2 NB 
devices. Photogenerated carriers could significantly improve the conductivity when 
the semiconducting nanomaterial is irradiated by photons with all energy higher than 
the band gap of the material.33 For our experiments, we have selected laser beams 
with photon energy below band gap (laser wavelength: 532 nm) of the NB. Figure 
3.10a shows typical I-V curves of a single GeSe2 NB device, measured in the dark 
condition. Inset (top in Figure 3.10a) shows the optical image of the single GeSe2 NB 
device. From the inset (bottom) of Figure 3.10a, we can see that ln(I) is linear with V 
in the intermediate bias voltage for both positive and negative currents, which 
indicates the typical I–V characteristic of back-to-back Schottky barriers (SB) 
structure.42 The Au electrodes pads were directly put on the NB, where the contacts at 
Au-NB form SBs. The current across the NB significantly increased by three orders of 
magnitude, from ~ 5 nA (dark condition) to ~ 9 μA (Intensity ~ 6.8 mW/cm2, 532 nm-
light illumination) at applied bias of 4V.  
The photoresponse of GeSe2 NBs is dependent on laser intensity. Figure 3.10b shows 
the I-V curves of NB photodetector under dark conditions and after global irradiation 
by 532 nm light with varying intensity. The photocurrent increases with the light 
intensity, consistent with the fact that the charge carriers’ photogeneration efficiency 
is proportional to the absorbed photon flux. The corresponding dependency is plotted 
in log-log plot as inset in Figure 3.10b. 
 






Figure 3.10. (a) Photoresponse of individual GeSe2 NB devices under global laser 
illumination. Dark I-V curve recorded in sweeping bias of -5 V to +5 V. The insets show the 
optical image of the device (top) and the ln(I)-V curves with linear fit at intermediate voltage 
range (bottom). (b) I-V curves were recorded under dark condition and under global 
irradiation of 532 nm light with varying laser intensities from 0.2 ± 0.1 mW/cm2 to 6.8 ± 0.1 
mW/cm2. Inset shows photocurrent dependency on laser intensity. Both photocurrent and 
light intensity are in the log scale. (c) Photocurrent-time (I-t) response (fixed dc bias: 4V) at 
the fixed wavelength excitation with varying intensities. The inset shows the schematic 
diagram of the device under global illumination. (d) Photocurrent-(voltage)1/2 graphs with 
linear fit at intermediate voltage range with varying laser intensities.  
 
This can be fitted to a power law, Iλ ~ P
γ, where γ determines the response of the 
photocurrent to the light intensity. The fitting gives a linear behavior with γ = 0.6. The 
non-unity (0.5<γ<1) exponent suggests a complex process of electron-hole 
generation, recombination, and trapping within a semiconductor.34,35 This indicated 
trapping should be considered to explain the carriers transport through the single 
GeSe2 NB, which is further supported by the temperature dependent dark IV study.
43 
As the 532nm light was illuminated over the full devices, the different parts of the 
device will contributes to the IV characteristics of the device, which is further 
supported by the localized photocurrent experiments.11 Figure 3.10c shows the 
reversible switching of the NB photodetector between low and high conductance 
states when 532 nm light was turn on and off with varying laser intensity. The 





photogenerated current increases with increment of laser power at fixed dc bias. It is 
noted that the response time of such photodetector is quick (rise time: ~ 0.1s and 
decay time: ~ 0.1s), which is independent of laser intensity. The devices were prompt 
in generating photocurrent with a reproducible response to ON-OFF cycles. From the 
time response curves (I-t curves), we have noticed that sharp fall in photocurrent to 
dark current upon blocking of the laser irradiation to the device, which suggests that 
the photogenerated carriers might not follow the mechanism of discharging the NB 
surface adsorption molecules to contribute into the photocurrent.44 Spectra 
responsivity (Rλ) and external quantum efficiency (EQE) can be calculated from the 
equations: Rλ = Iλ / (Pλ S) , and EQE = (hc/eλ) Rλ,36,37 where Iλ is the photocurrent, Pλ 
is the light intensity, S is the effective illumination area of the device, λ is the 
wavelength of the exciting laser wavelength and c is the velocity of light, and e is the 
electronic charge. The calculated Rλ and EQE for the single NB device are ~ 2764 
A/W and ~ 6.4 × 105 %, respectively, for the incident wavelength of 532 nm at 4 V, 
which are higher than those reported chalcogenides semiconducting 
nanophotodetectors.38-40  
The nonlinear curves under illumination (Figure 3.10b) indicate the photocurrent 
response might be dominated by SBs formation at the contacts of Au-NB. In this Au-
GeSe2-Au Metal-Semiconductor-Metal (MSM) device, both the forward and reverse 
biased current increases under global laser light illumination. This implies 
photoexcited electron-hole (e-h) pairs significantly increase the concentration of 
majority carriers of the semiconductor in MSM structure, where the SBs heights also 
modulate with the light illumination.45,46 Here we adopt a similar strategy in analysis, 
where the approximate photocurrent equation of ZnO nanowire based Schottky 
photodiode can be described as: ln (Iph) α V1/2.47 Figure 3.10d shows the plot of Iph 
with V1/2 in semi-log plot with different intensities of 532 nm light irradiation and all 
curves are fitted with linear equation. These results indicate that our photocurrent 
responses of the devices are consistent with Schottky contacts dominated 
photoresponse of MSM structure. 
3.3.3. Photocurrent measurements by localized laser irradiation 
 
Spatially resolved and localized photocurrent measurements on GeSe2 NB device 
were performed. The photocurrent-time (I-t) response was recorded from three 





different positions of the device while the device was not biased. Figure 3.11a shows 
optical images of the NB device captured during the photocurrent measurements with 
focused laser beam (532 nm) irradiating at three different positions.  At zero bias 
photocurrents of opposite polarity were generated upon irradiation of focused laser 
beam near the two NB-Au contact regions as displayed in Figure 3.11a. We obtained 
a smaller photocurrent (Figure 3.11b) when the zero biased device was irradiated 
with focused laser beam near to the midpoint of the NB. To study the effect of applied 
bias, I-V characteristics of the device were recorded by irradiating the focused laser 
beam (532 nm, fixed laser power ~ 14.2 ± 0.1 mW) at three different position of the 
device separately as shown in Figure 3.11c. Under localized laser irradiation at the 
midpoint of the NB, the photogenerated carriers diffused randomly, which generates 
low amount net photocurrent. Hence the polarity of the photocurrent measurements at 
zero bias on different positions of the device support such a scenario of hole diffusion.  
Under localized illumination via a focused laser beam (excitation spot size is nearly 
equal to 3 µm), the measured response of the device will reflect only the part of the 
device that was illuminated by the focused laser beam. Unlike the symmetrical Iph-V 
curve observed for global irradiation, the local Iph-V curves are asymmetrical and 
strongly positional dependent. Specifically, the photocurrent was largest when the 
illuminated region corresponds to the metal electrode-NB contact region. This implies 
that the photogenerated carriers’ collection under global illumination may not be 
occurring uniformly across the entire device and the efficient separation of 
photogenerated charge carriers occurs at the contacts.  
 







Figure 3.11 (a) Optical images of the GeSe2 NB device with focused laser beam (bright spot) 
irradiated at its different position. (b) Photocurrent-time response upon periodic irradiation of 
focused laser beam (fixed power: 14.2 ± 0.1 mW) on three different positions of the NB 
device at zero bias voltage. (c) I-V characteristics of the NB device with focused laser beam 
on different positions. Inset shows the schematic of the NB device when localized laser is 
illuminating the middle of NB. 
 
Figure 3.11c shows Iph-V characteristics under fixed localized laser power of ~ 14.2 ± 
0.1 mW, which indicates the highest positive bias current was obtained when the 
forward (positive biased) metal electrode-NB junction was illuminated whereas the 
highest negative bias current was obtained when the reverse (negative biased) metal 
electrode-NB junction was illuminated. The asymmetrical intermediate Iph-V 
characteristic was obtained under the localized laser beam irradiation of the middle 
part of the device. At positive sweep bias, the drop in resistance of the NB device 
under localized laser irradiation on Position 1(biased electrode) is significantly higher 
than the localized laser irradiation on midpoint of the NB and Position 2 (grounded 
electrode). Similarly at negative sweep bias, the drop in resistance of the NB device 
under localized laser irradiation on Position 2 (grounded electrode) is significantly 





higher than the localized laser irradiation on midpoint of the NB and Position 1 
(biased electrode), which supports the scenario of majority carriers diffusion as 




Figure 3.12. (a,b) Schematic diagram of focused laser at two ends of NB-Au junctions with 
their corresponding band diagram at zero bias condition (Ef1 and Ef2 are modified due to 
thermalization upon laser irradiation). 
 
 
Considering the NB device as a MSM structure consisting of two Schottky barriers in 
back-to-back arrangement, it is observed that the photogenerated carriers, which are 
created by localized laser irradiation, can be efficiently separated from each other by 
the strong local electric field near the M-S interface.11,48 Thus the increase in 
photogenerated charge carrier density upon irradiation can modify the barrier width, 
resulting in a narrow Schottky barrier at the contacts. This may facilitate an increase 
in the tunneling of photogenerated carriers from NB to metal electrodes through the 
modified Schottky barrier, which can be understood from energy band diagram 
Figure 3.12.(a,b). In addition, the localized thermal heating within the focused laser 
irradiated region resulted in thermoelectric effects at the M-S interface.49 Under 
localized laser irradiation at the midpoint of the NB, the photogenerated carriers can 
diffuse randomly and recombine efficiently due to absence of strong electric field in 
the middle of NB, which generates low amount net photocurrent. Hence the polarity 
of the photocurrent measurements at zero bias on different positions of the device 
support such a scenario of hole diffusion. Thus the direction of the movement of holes 
are opposite when laser is shining at the different contacts at zero bias condition. 





Different contacts and Au-NB coupling lead to different magnitudes of photocurrent 
at the two contacts.  
Shining at the high-terminal contact (positive electrode) will generate a larger current. 
The reason is that since the dominant carrier in p-type GeSe2 is hole, shining the laser 
beam at the high-terminal contact will ensure a high current as the diffusion path is 
short for electron in this case. When the beam is shining at the low-terminal contact 
(negative electrode), most of the electrons have to diffuse across the NB to reach the 
positive electrode. However, due to a lower mobility, in this case, most of electrons 
will be scattered, thus leading a lower current compared to the high-terminal 
contact. For holes, since GeSe2 is p-type material, it tends to be a similar holes-
transport between the two cases. When the beam is shining at the middle, due to 





Figure 3.13. (a) Rising and decaying photocurrent characteristics upon periodic irradiation of 
focused laser beam on different portions of the NB device at a fixed bias of +1 V. (b) 
Schematic energy band diagram of the MSM structure at the applied positive bias condition.   
 
 
Figure 3.13.(a) shows that the rising and decaying photocurrent characteristics 
correspond to periodic irradiation of focused laser beam (532 nm; 14.2 ± 0.1 mW; at a 
fixed bias of +1 V) at different portions of the NB device. Different from the zero bias 
case, the laser irradiation near the midpoint of the NB produced significant 
photocurrent at a fixed bias of 1 V. When there is no external driving force at zero 
bias, the photo-generated carriers near the midpoint of the nanowire diffuse randomly 
rendering a net zero current. Whereas at a finite bias, the photogenerated carriers are 
drifted by the external electric field, and a corresponding photocurrent is recorded by 
the ammeter. 





For forward bias voltage (positive bias) and shining of focused laser beam at position 
1 (the end with high electrostatic potential point), there is a much larger current. In 
this scenario 1, the Fermi level of bulk metal of right end (Ef2) is raised in energy, 
which lowers the potential drop across the depletion layer to a value by the amount of 
the reverse bias (built in potential, φbi-1V) and increase hole current from the 
semiconductor to the metal. The energy band diagram of the biased MSM structure is 
shown in Figure 3.13b. The holes produced are drifted to the right side (since the 
holes tend to move to high electronic levels) whereas electrons move to the left end to 
contribute in net current and localized photogenerated electron-hole pair can be 
effectively separated out in the position 1, which gives rise to the observed large 
positive photocurrent.  
Under same external bias (+1 V to Ef2, position 1) configuration and shining of 
focused laser beam at position 2, there is lower photocurrent as compared to position 
1. In this scenario 2, the barrier height for holes is increased on the semiconductor 
side by the amount of the virtual reverse bias at position 2. (Due to large number of 
electrons transferred from the negative biased electrode) The drift of holes density 
from semiconductor to metal is therefore decreased at position 2. Thus localized 
photogenerated electron-hole pair cannot be effectively separated out in the position 
2, which eventually produce lower observed photocurrent as compared to position 1. 
(The lowest current obtained at position 2 may be due to the lower mobility of 
electrons. As the electrons need to drift from left side to right side along the whole 
belt, due to this low mobility, most of the electrons are scattered and the current is low. 
This also explains that why we obtain a larger current at the middle position. In the 
middle position, the path is around a half compared to the case of position 2. 
Therefore the current for shining at middle is larger than shining at position 2) 
Under same external bias (+1 V to Ef2) configuration and shining of focused laser 
beam at the NB body part, in this scenario 3, the photogenerated electron-hole pair 
can be effectively separated out, where the holes will drift to right electrode (energy 
level: Ef2) and electrons will drift to the left electrode (energy level: Ef1) as GeSe2 is a 
p-type material, the mobility of electrons is low and most of electrons are scattered 
and cannot reach the left electrode, which produce intermediate photocurrent as 
observed in Figure 3.13. (a). 
 





3.3.4. Temperature dependent I-V characteristics   
 
As we have seen that the defect states can play a significant role in high photocurrent 
in GeSe2 NB device, to gain further insight into the charge conduction in the NB, we 
have performed the controlled experiments of temperature dependent dark dc 
conductivity and temperature dependent resistance of the NB device. Figure 3.14a 
shows the temperature-dependent I-V curves of the single NB device in the standard 
two-probe measurement configuration. The symmetrical non-linear I-V characteristics 
were maintained with increased temperature.  
 
 
Figure 3.14 (a) I-V curves of individual GeSe2 NB device at a temperature range from 313 K 
to 373 K. The scanned voltage range was from -2 V to +2 V. Inset at bottom right shows 
temperature dependence of conductivity of the single GeSe2 NB device. (b) The 
ln(I/T2)−(1/T) curves at various biases of 1, 1.5, and 2 V. 
 
We have recorded the I-V curves at various temperatures by thermally anchoring the 
SiO2/Si wafer with NB devices onto a heating stage. The dark IV curves (Figure 
3.14a) at higher temperatures show non-linear and nearly symmetrical behavior, 
which preserve the dark IV characteristic at room temperature. The conductivity at 
higher applied bias range increases significantly with increased higher temperature. 
We have estimated ln(I/T2)-(1/T) curves at different fixed bias as shown in Figure 
3.14b. Such non-linear behaviors of ln(I/T2)-(1/T) curves could be due to the thermal 
effect and the desorption process on the surface of NB.43  As the temperature of the 
NB increases, the desorption of ion species such as oxygen ions (O2
-,O-, etc.) and OH- 
becomes easier. Thus the thermal effect and the surface traps states have considerable 
effect on the transport characteristics of the NB device.  





The localized photocurrent experiments show the generation of higher photocurrent 
occurs at the interface of Au-NB Schottky contacts. Temperature dependent IV 
characteristics and laser power dependency (power law) on the photocurrent under 
global irradiation indicates the thermionic effect on the NB and surface traps states of 
the gaseous ions have considerable effect on carriers’ transport. The time response 
curves (I-t curves) suggest that the photogenerated carriers might not follow the 
mechanism of discharging the NB surface adsorption molecules to contribute into the 
photocurrent. The photocurrent equation ln (Iph) α (V)1/2 plots shows Schottky 
contacts dominated photoresponse of MSM structure. Although there are many 
factors which rules the higher photoresponse of the device, another important aspect 
could be considered is the available defects states in the NB due to Se-vacancy, Ge-
vacancy, interstitial-Se, etc. Thus the optoelectronic characteristics of the individual 
GeSe2 NB device indicate that the thermal effect and SBs at metal-Au contacts are the 




















3.4. Conclusions  
 
In conclusion, the NBs of GeSe2 were synthesized in a horizontal tube-furnace. XRD, 
Raman spectroscopy, SEM and TEM were used to characterize and investigate the 
morphology and structure of the nanostructures. Using Raman spectroscopy, the local 
structural changes from as-grown β-crystalline to α-crystalline phase have been 
observed in single GeSe2 NB. Two Au pads were deposited on the ends of individual 
NB to form simple devices with the formation of SBs at the contacts. The electrical 
and optoelectrical characteristics of individual GeSe2 NB devices were studied. A 
high photoresponsivity of 2764 A/W and quick response time of ~0.1s was observed 
from single GeSe2 NB devices under 532nm-light irradiation. The temperature 
dependence of current-voltage curve of single GeSe2 NB devices was studied. 
Localized photocurrent study and optoelectronic characteristics under global laser 
irradiation study provide valuable insights into the carrier transport in the individual 
NB devices. High photoresponse of the individual GeSe2 NB device indicate that the 
photoresponse could be attributed to the thermal effect, surface traps, metal-Au 
contacts and the presence of defect levels, where thermal effect and SBs at the contact 
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Stepped-surfaced GeSe2 nanobelts with high-gain photoconductivity 
 
In this chapter, single crystalline stepped-surfaced GeSe2 nanobelts (NBs) were 
synthesized by vapor transport and deposition method with the presence of Au 
catalyst. The NBs were grown via VLS mechanism with catalytic Au–Ge–Se alloy 
droplet formed at the tip of the NBs. The dynamic reshaping of the catalyst particle 
leads to formation of steps along the NB. Photodetectors comprising individually 
isolated NBs were fabricated to study their photodetection properties. The 
photoresponsivity of the devices was investigated at four different excitation 
wavelengths of 405 nm, 532 nm, 808 nm and 1064 nm. High photoresponsivity of 
1040 A W-1 and a photoconductive gain of 121800% was achieved at a wavelength of 
1064 nm, suggesting that the excitation to defect-related energy states near or below 
the mid band-gap energy plays a major role in the generation of photocurrent in these 
highly stepped NB devices. 
4.1. Introduction  
 
Semiconducting nanostructures of chalcogenides have been greatly studied for their 
potential application in optics, thermoelectric and photodetector nanodevices1,2. 
Germanium diselenide (GeSe2) is an important chalcogenide IV-VI semiconductor 
with a wide band gap of ~ 2.7 eV3. It finds interesting applications in waveguides, 
memory cells and optoelectronic devices4,5. Nanomaterials of p-type semiconducting 
germanium monoselenide (GeSe) have also been considered as a prospective material 
for many nanoelectronic devices, such as field effect transistors, photodetectors, and 
sensors6. In the past decades, a large number of studies including steady-state 
photoconductivity, photo-induced crystallization and thermal-induced crystallization 
based on the amorphous chalcogenides germanium selenides system have been 
reported7-10. Recently Zhang et al. have reported the synthesis and the field emission 
properties of single-crystalline, low dimensional GeSe2 nanowalls
11.  
In this chapter, we have synthesized and characterized single-crystalline GeSe2 
nanobelts (NBs) and demonstrate the superior photoconductivity properties of 
individual GeSe2 NBs for the first time. Individual GeSe2 NB based photodetectors 
were found to exhibit high photodetective gains and wavelength-dependent 
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photoresponse in a broad-band spectrum covering visible range (405 nm and 532 nm) 
and IR range (808 nm and 1064 nm). The maximum spectrum responsivity of 1040 A 
W-1 and ~ 36 times enhancement in photocurrent was obtained under 1064 nm-light 
illumination (for a fixed laser intensity of ~ 0.56 ± 0.1 mW/mm2) at fixed external 
bias of 4 V. The devices also showed significant response to white light with device 
responsivity approaching ~ 122 mA W-1 at fixed 1 V external bias for optical power 
densities of ~ 120 ± 10 mW/mm2. Additionally, we have studied the photoresponse of 
individual device in different gas environment to probe the effect of surface states and 
molecular absorption on the photocurrent. 
4.2. Experimental Section 
 
GeSe2 nanostructures were synthesized by vapor transport in a horizontal tube 
furnace12 on a thin Au-coated (~ 10 nm) Si (100) substrates under a flow of pure Ar. 
The mixture of pure Ge powder (Sigma Aldrich, purity 99.99%), Se powder (Sigma 
Aldrich, purity 99.99%) and carbon nanopowder (particle size < 50 nm, Sigma 
Aldrich, purity 99.99%) in weight ratio of 1:2:3 was used as source materials. Small 
alumina boat containing a small amount of the mixture powder (~0.2 gm) was 
inserted into a one-end open quartz tube and the Au-coated Si substrates were placed 
at a distance of 32 cm from the source powder. The quartz tube was placed at the 
center of the heating zone of the furnace such that the substrates were located at 
downstream position of source vapor, as shown in Figure 4.1(a). After the furnace 
was fully flushed with Ar gas for 30 min. under vacuum sealed at both ends, the 
furnace was heated up to 670 oC at a rate of 10 oC min-1 for 30 min. The pressure of 
Ar carrier gas was kept at ~2 mbar during synthesis. After the reaction was 
terminated, the substrates were uniformly coated with a yellow GeSe2 NBs product.  




Figure 4.1. (a) Schematic diagram of the horizontal furnace with double-tube configuration. 
(b) Low-magnification SEM image indicating the large-scale production on Si substrate. (c) 
Corresponding high-magnification SEM image obtained from the region indicated in Figure 
4.1(b), demonstrating the belt-like morphology. Inset shows higher-magnification SEM image 
of stepped structured GeSe2 NB. (d) SEM image showing the top and side view of the stepped 
structured NB. 
 
For optoelectrical properties study of single NB devices, as grown NBs were 
suspended in ethanol by sonication (~ 5 s) and then dispersed onto a SiO2 (500 nm)/n-
Si wafer. Standard photolithography and successive Ti (20nm)/Au (200nm) 
deposition and liftoff were performed to pattern electrodes on the individual GeSe2 
NBs. For photocurrent measurements, continuous wave laser beam from the diode 
laser was directly irradiated onto the NB device through a transparent glass window 
of the vacuum chamber and the device was electrically connected through a pair of 
vacuum compatible leads to the source meter13,14. Figure 4.2a shows the optical 
image of the individual stepped surfaced GeSe2 nanobelt fabricated on SiO2/Si 
substrate in two probe based configuration. Figure 4.2(b-d) shows the SEM images of 
the same device as shown in (a) with higher magnification images of the stepped-
surfaced nanobelt. The experimental set-up for optoelectrical measurements has 
discussed in Chapter 2.  
 




Figure 4.2. (a) Optical image of the individual stepped surfaced GeSe2 nanobelt fabricated on 
SiO2/Si substrate in two probe based configuration. (b) SEM image of the same device as 
shown in (a). (c) Magnified SEM image of the device. (d) Magnified SEM image of the 
nanobelt, which shows the steps on the surface of the nanobelt. 
 
4.3. Results and Discussion 
 
The schematic of the experimental setup used for the growth of GeSe2 NBs is shown 
in Figure 4.1 (a). Typical SEM images of as-grown GeSe2 NBs fabricated on the Si 
substrate are shown in Figure 4.1(b, c). The widths of the NBs range from 1.5-2 μm, 
and the lengths extend up to several tens of microns. Sometimes the lengths can even 
reach up to a millimeter. The thickness of the NBs is about 150-200 nm as viewed 
from the SEM images. High-magnification SEM image (inset in Figure 4.1c) shows 
that one side on the NB is flat while the other side adapts a step- type structure. The 
unequal sized steps were formed on the one side of the nanostructures. The top and 
side view of the individual NB are clearly viewed from the SEM image (Figure 4.1d). 
 





Figure 4.3. (a-c) SEM images of the stepped surfaced GeSe2 nanobelts. (d-f) Low 
magnification TEM images of the stepped-surfaced GeSe2 nanobelts. The tips, bases and the 
steps can be clearly viewed from the TEM images.    
 
Figure 4.3. (a-c) show the low magnification SEM images of as grown stepped-
surfaced nanostructures, where the SEM images were collected from different parts of 
the growth substrates. The low magnification TEM images (Figure 4.3. (d-f)) of the 
nanobelts give the clear overview of the steps formation on the nanobelts. The 
unequal steps are randomly distributed throughout the length of the nanobelt. The 
stepped-surfaced nanobelts under different rotations can be viewed from the SEM and 
TEM images to have more idea about steps arrangement on the surface.  The results 
of TEM studies on individual GeSe2 NB are shown in Figure 4.4. The HRTEM image 
(Figure 4.4b) obtained from the area indicated by the red box of the nanostructure in 
Figure 4.4(a) confirms that the nanostructure is a single crystal. The selected area 
electron diffraction (SAED) pattern (inset in Figure 4.4a) can be indexed for the 
[020] zone axis of single-crystalline GeSe2 NB. The HRTEM image (Figure 4.4d) 
indicates that the spacing between visible fringes along the axial body of the NB is 
about 0.59 nm, which agrees with the (002) interplaner spacing of β-GeSe2 and the 
lattice spacing between the adjacent lattice planes along the direction perpendicular to 
the NB is measured to be approximately 0.35 nm, which is the distance between two 
adjacent (200) crystal planes of GeSe2.  
 




Figure 4.4. (a) Representative TEM image of a stepped-surfaced GeSe2 NB. The inset shows 
the corresponding SAED pattern. (b) Higher magnification TEM image of the region that is 
highlighted by the red box in (a), revealing that single crystal is achieved. (c) An EDS 
spectrum of the nanostructure. (d) High-resolution TEM image of the NB. 
 
Figure 4.4(c) shows the EDS spectrum of the nanostructures. It confirms the as-
synthesized stepped-surfaced nanostructure is composed mainly of Ge and Se atoms 
(Cu and C peaks are due to the copper grid used for TEM measurements). The atomic 
percentage of the Ge and Se atoms as determined from the EDS analysis are 33.8 % 
and 66.2 %, consistent with the stoichiometric GeSe2. Figure 4.5(a) shows a typical 
XRD pattern of the synthesized yellow product. All diffraction peaks can be indexed 
to a monoclinic type β-GeSe2 structure (Joint Committee for Powder Diffraction 
Studies, JCPDS, Card No. 71-0117). No peaks of Ge, GeSe, or other impurities are 
detected. The typical Raman Spectra observed on as-grown GeSe2 NBs are shown in 
Figure 4.5(b).  
 




Figure 4.5. (a) XRD pattern of the GeSe2 nanostructures. (b) Raman Spectra of GeSe2 
nanobelts. (c), (d) XPS spectrum of the GeSe2 NBs. 
 
The Raman spectrum was recorded at room temperature using micro-Raman 
spectroscopy. The probe excitation light (λ~ 514 nm, 50× objective lens, laser spot 
size on the NBs ~ 3 μm) was exposed about 10 s to collect the signal in a 
backscattering geometry and its power was about 40 μW. Raman band at 210 cm-1 is 
assigned to A vibration, which is corresponding to the breathing motion of the GeSe4/2 
tetrahedra15. The Raman band located around 210 cm-1 indicates that the 
nanostructures are the most stable high-temperature β-crystalline form of GeSe2 and 
the crystal structure is monoclinic, which is consistent with our XRD results. XPS 
was used to characterize the composition of the NBs and to investigate whether any 
unwanted chemical residue from our synthesis remains on the sample surface. This is 
important in the study of the surface states related photoconductivity of the individual 
NB devices. The energy resolution of the analyzer was 0.3 eV for the XPS 
measurements. A charge correction based on the standard reference of the C 1s (284.8 
ev) signal was applied to all XPS peaks in Ge3d and Se3d. Figure 4.5(c,d) shows that 
Ge3d and Se3d core-level peaks centered at 31.1 eV and 54.5 eV, respectively. 
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Examination of the fitted Ge3d and Se3d core level spectrum for the NBs confirms 
the existence of heteropolar bonds consistent with formation of GeSe2 
16,17. Ge3d 
core-level spectrum has a very small shoulder on the high energy side, the fitting 
(Figure 4.5c) of the Ge3d core-level peak reveals the peak corresponding to 33 eV is 
O-related and has been ascribed to Ge-O bond states17 on the surface. Interestingly, 
binding energy associated with homopolar bonds Ge-Ge (at B.E. of 29.1 eV) and Se-
Se (at B.E. of 55.4 eV) with are not detected in our nanostructures. 
 
 
Figure 4.6. (a) Low-magnification TEM image of three GeSe2 NBs; (b) high-magnification 
TEM image obtained from the area marked by red square of the NB in Figure 4.6(a). The 
inset shows the block diagram of the steps grown along the NB; (c) and (d) lattice images 
taken from the parts (red circles labeled as 1 and 2, respectively) in (b). (e) The structural 
model of GeSe2 with layered structure showing the stacking of tetrahedrons along [002] 
direction. (f) Schematic plot of the atomic model of the intersect part (120) facet formed on 
the NB. Green balls and pale yellow balls represent Ge and Se, respectively. 
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For a better insight into the stepped surface, Figure 4.6 shows a more detailed view of 
the surface structures of the NBs. Figure 4.6(a) shows TEM image of three GeSe2 
NBs with distinct stepped surfaces. The zoom in view of the steps is shown in Figure 
4.6(b). Furthermore, lattice images were obtained at two different adjacent steps (red 
circled 1, 2 in Figure 4.6b) of the stepped-surfaced NB.  HRTEM images (Figure 
4.6c, d) of the two adjacent steps supported with the common growth plane (002). The 
inset diagram in Figure 4.6b shows the steps are growing along <120>, whereas the 
NBs are growing along <112> crystal direction. The bases of the steps are {002} 
planes but the side-faces are {120}, which is well consistent with the HRTEM 
images. Additionally, line-scanning elemental profile analysis across the different 
parts of the NB (Figure 4.8) reveals that the atomic ratio of Ge and Se is close to the 
1:2 stoichiometry, as expected. It is also confirmed from the EDS line scan profiles 
that there is no enrichment of Ge and Se elements at any portion of the NB during the  
 
Figure 4.7. Composition analysis of a GeSe2 NB: (a) Bright-field TEM image and (b to d) 
False-color energy dispersive X-ray spectroscopy (EDS) elemental maps of Au, Ge and Se in 
the rectangular region defined in (a). (e) Line profile of the EDS intensities extracted from the 
elemental maps of Ge, Se and Au along the labeled solid line of the inset image. (f) EDS line 
profile of Ge and Se along the diameter of the NB, as indicated by the labeled solid line in the 
inset image. 
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growth process. Figures 4.6(e,f) schematically show atomic configuration of the 
stepped surfaced nanobelt. Figure 4.6e illustrates the side-view structure of the 
monoclinic GeSe2 layered structure to show the stacking of tetrahedrons along [002] 
direction. Figure 4.6f represents a schematic plot of an atomic model showing the 
details of the structure of the step with the body plate of the monoclinic GeSe2 crystal.  
 
Figure 4.8. (a) Low-magnification TEM image of three GeSe2 NBs; (b-d) The EDS 
composition profiles at different axial positions of the stepped-surfaced NB of location A (as 
indicated with red circled line) in Fig. S1 (a) demonstrates a uniform distribution of the 
compositional elements Ge and Se with atomic ratio 1:2 stoichiometry. The insets show the 
low magnification TEM images of the NB with the labeled lines along which the EDS 
composition profiles were taken. 
 
HRTEM images, SAED patterns and EDS line profiles at different position of a single 
NB reveal that the uniform and pure GeSe2 stoichiometry with single crystalline was 
achieved in the NB. Figure 4.7 elucidates the possible growth mechanism of the 
GeSe2 NB. The elemental maps shown in Figures 4.7(b-d) confirm the uniformity of 
the distribution of each constituting element throughout the structure. EDS line 
profiles (Figure 4.7e) show that Au catalyst alloy was formed at the tip of the NB. 
EDS spectra obtained from the tip show the presence of both Ge, Se and Au with a 
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atomic ratio of 2:1:7 (Ge:Se:Au), confirming Se-Ge-Au alloy formation. Line-
scanning elemental profile across the diameter of GeSe2 NB (inset in Figure 4.7f) is 
shown in Figure 4.7f. The profiles of Ge and Se show a broad peak in the structure 
center but the ratio of the two elements remains the same. β-GeSe2 adopts a layered 
structure with layers made up of GeSe4/2 tetrahedra. Within each layer, one half of the 
GeSe4/2 tetrahedra are linked at the corners through the Se atoms, and the other half 
are linked by their edges. β-GeSe2 NB consists of Se-Ge-Se layers stacked together 
via van der Waals interaction to form belt-shaped nanostructures with nonperiodic 
stepped faceting surface, reflecting an oscillatory growth process18,19. As shown in the 
TEM images in Figure 4.6 & 4.7, the diameter and the shape of the NB matches well 
with the shape of the catalytic alloy nanoparticle found at the tip of the NB. 
Moreover, the shape of the alloy catalyst on the tip of the NB correlates with the 
shape of steps formed along the NB (Figure 4.6a), implying the dynamic reshaping of 
the catalyst particles during the NB growth determines the formation of steps along 
the NB.  
 
Figure 4.9. Schematic illustration of the growth process for stepped surface GeSe2 nanobelts. 
(a-d) shows the steps of the nanobelt growth process.  
 
It has been known for other material system such as for Si nanowire structures that the 
oversupply of the reactants vapors as well as interplay of surface energies of the wire 
and liquid alloy catalyst causes an unstable droplet formation, which oscillates during 
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growth and eventually produce rough surface of the nanostructures. The possible 
growth steps are schematically illustrates in Figure 4.9 (a-d). The lower temperature 
region with oversupply of the source reactants introduce small perturbed the perfect 
growth conditions of the smooth surface nanobelts, which results in the oscillations of 
the catalytic droplets. The different shapes of the oscillation of the alloy catalyst could 
be the reason for different shapes of the steps present on the nanobelt. The formation 
of unstable Au-Ge-Se alloy droplets was found to be present on the tip of each 
stepped nanobelts.  
The presence of Au-Ge-Se alloy droplet at the end of the NB and the observation that 
the NB diameter is determined and controlled by the size of the alloy droplet at the tip 
indicate the GeSe2 NBs were grown by vapor-liquid-solid (VLS) process
20,21. Our 
substrate temperature was around 450 - 510 oC during the synthesis. This temperature 
helps to promote the growth of the nanobelts via VLS mode instead of the vapor-
solid-solid (VSS) mode. For Au catalyzed GeSe2 NBs growth in the VSS mode, the 
reaction must be carried out below Teu (~ 360
oC for Ge), the bulk eutectic temperature 
of the Au-Ge binary system22. We believe that Ge powder and Se powder mixed with 
C nanopowder undergo thermal evaporation and after carbothermal reduction the 
decomposed elements filled the growth region of the tube furnace. On the surface of 
Au-coated Si substrate, Ge vapor would form AuGe liquid droplets as Se has low 
solubility23, 24 in Au (Figure 4.7e). Subsequently, the Se vapor reacts with AuGe 
droplet and form Au-Ge-Se alloy. As the Au-Ge-Se alloy droplet becomes saturated 
with reactants, the precipitation of the stepped GeSe2 NB would start underneath the 
Au-dominated droplet riding on the top of the NB as catalyst, during which the 
effective diameter of the base of the catalyst shrinks, resulting the shape change of the 
catalyst particle. However, due to the unstable nature of the catalyst with different 
shaped at the NB tip, it is expected here that faceting due to droplet oscillation is the 
main mechanism that causes diameter modulation along the NB19,25. The EDS profile 
scan (intensity profile) through GeSe2/AuxGeySe1-x-y junction shows a reduction in the 
concentration of Se element at the NB tip. Selenium has a lower melting point than 
germanium. At the synthesis temperature of 670 oC, the vapor pressure of selenium 
becomes sufficiently higher than germanium. Because of the high partial pressure of 
selenium species in the gas phase, selenium will start to diffuse into the precipitants of 
the alloy catalyst to fulfill GeSe2 stoichiometry. Due to its layered structure, a NB is 
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expected to have many dangling bonds at the two edges, which can easily incorporate 
atoms directly coming from gas phase or diffusing from top/bottom surfaces. Indeed, 
we found that the width of the steps are unequal, confirming the existence of a vapor-
solid mechanism that increases the width of steps. However, the detailed mechanism 
governing this kind of non-periodic steps on the surface requires further study. As it 
has been seen in Chapter 3 that the distance of about 28 cm between source powder 
and substrate promotes the growth of smooth surface nanobelts whereas the 
separation is about 32 cm to synthesize stepped surface nanobelts. Thus the separation 
between source powder and substrate could be an important parameter to control the 
morphology of the nanobelts. 
 
Figure 4.10. Electrical transport properties of individual GeSe2 NBs: (a) Two-terminal I-V 
curve recorded from an individual GeSe2 NB device. The insets show a schematic illustration 
(top), a SEM image (bottom) of the single NB device. (b) I-V curves at positive bias before 
and when exposed to a 405 nm, 532 nm, 808 nm and 1064 nm-light (with fixed intensity of 
0.56±0.1 mW/mm2). The inset shows a schematic illustration of an individual GeSe2 NB 
configured as a photodetector. (c) A time-dependent photocurrent (I-t) response under 405 
nm, 532 nm, 808 nm and 1064 nm-light illuminations at an applied voltage of 1V. (d) 
Spectral responsivity with wavelength at fixed external bias of 4 V. The error bars show the 
error in intensity measurements of the corresponding incident light. The inset shows 
absorption spectrum of stepped surfaced GeSe2 NBs. 
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In this work, we found that devices comprising of individual GeSe2 NB exhibit 
interesting opto-electrical properties. I-V curve (Figure 4.10a) of the NB in dark 
shows the asymmetrical-nonlinear characteristics. This can be attributed to the 
formation of two uneven Schottky barrier (SB) contacts between the stepped surfaced 
NB and the Au electrodes12. In this structure, the current is dominated by the positive 
biased SB contact. The calculated conductivity of the device is σ ~ 4×10-5 Sm-1. The 
photoresponse of single NB devices was studied by illuminating 405 nm-light 
(energy~3.1 eV), 532 nm-light (energy~ 2.3 eV), 808 nm-light (energy ~ 1.5 eV) and 
1064 nm-light (energy ~ 1.1 eV) via different laser sources. All the measurements 
were carried out at room temperature under vacuum (~10-3 mbar) condition13. With 
the exception of 405 nm-light (~ 3.1 eV), the energies of the laser photon used were 
less than the bandgap energy (2.7 eV) of GeSe2 NB. I-V curves (Figure 4.10b) were 
recorded upon the global irradiation of the four different light sources with fixed laser 
intensity of 0.56 ± 0.1 mW/mm2 at positive biased of the device. Laser light (808 nm 
and 1064 nm) with photon energy below band gap energy of GeSe2 generated 
significantly higher photocurrent than the photocurrent generated under the laser light 
with photon energy above (405 nm) and nearly equal (532 nm) to the band gap energy 
of GeSe2 for approximately same intensity light illumination. In particular, high 
photocurrent is recorded for laser light excitation at 1064 nm (i.e. 1.1 eV, an energy 
below mid band-gap energy of GeSe2 nanostructures). The implication is that the 
excitation involving defect energy states which lie near or below the mid-energy gap 
of GeSe2 NB devices generates high photoresponce irrespective of other competing 
factors like thermal heating effect and NB-Au Schottky contacts. Intrinsic defects 
effect the properties, which leads the importance in application of nanostructures26. 
As these nanostructures are found to possess a highly stepped morphology, these 
energy states are likely to be related to the present of defects associated with the 
density of coordination defects, which can be neutral dangling bonds on Ge and/or Se 
sites, and/or Se-based charged paired centers at the step-surfaces of these structures27-
29. These step-related defects appear to be a major contributing component in the 
photocurrent response of these highly stepped nanostrcuctures.  
The photocurrent responses (I-t curves) of the GeSe2-NB devices under multiple 
on/off sequences are shown in Figure 4.10c. The intensity of the light source was 
fixed at 0.56 ± 0.1 mW/mm2. The plot shows that the current immediately increased 
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upon illumination of the laser-beam. When the laser irradiation was switched off, the 
photocurrent returned back to its original value rapidly. The devices were prompt in 
generating photocurrent with a reproducible response to ON-OFF cycles. They 
showed a good photocurrent reproducibility and stability. Notably, the photocurrent 
under illumination of 1064 nm-light showed continuous variation after the initial 
rapid increase as compared with the rest of the laser light illumination. This could be 
due to the additional laser-induced thermal heating effect of the NB which has a 
slower time response13. Inset in the Figure 4.10d demonstrates the absorption 
spectrum of stepped surfaced GeSe2 NBs sample and the absorption spectrum is 
tailored to IR wavelengths ranging from 400 nm to 1400 nm. 
The spectral responsivity (Rλ)
30 measures the input-output gain of the NB detector 
system. It is denoted as Rλ = ∆I/(S×Pλ); where S is the effective illuminated area, Pλ is 
the light intensity and ∆I  = (Iphotocurrent – Idarkcurrent). The maximum responsivity of the 
devices at fixed 4V external bias was estimated to be ~ 1040 A W-1 under 1064 nm-
light illumination (for a fixed laser intensity of 0.56 ± 0.1 mW/mm2). External 
quantum efficiency (EQE)31,32, an important parameter for photodetectors, is defined 
as EQE = (hc/eλ)× Rλ, where h is the Planck’s constant, c is the speed of light, e is the 
electronic charge and λ is the excitation wavelength. From the Figure 4.10d, the EQE 
of the device is estimated to be ~ 39600%, 14500%, 22300% and 121800% for the 
exciting wavelength of 405 nm, 532 nm, 808 nm and 1064 nm, respectively. 
Evidently the maximum value of EQE was obtained at 1064 nm-light. 
Besides Rλ and EQE, the response time is also a critical parameter for photodetectors. 
Figure 4.10(c) illustrates the current response of the GeSe2-NB photodetector upon 
laser light illumination measured for light-on and light-off conditions at a fixed 1V 
external bias. Both rise and decay response times are estimated to be ~ 0.1 s (0.1 s is 
the lowest detection limit of our instrument). Recently Cao et al. has shown that the 
high photoresponsivity of p-type ZnTe nanowire devices is mainly attributed to the 
presence of oxygen-related hole-trap states at the nanobelt surface33. The germanium 
chalcogenide glassy semiconductors including GeSe and GeSe2 are normally p-type 
semiconductor34,35. From the time response (I-t) curves, we have noticed that sharp 
fall in photocurrent to dark current upon blocking the laser irradiation to the device, 
which suggests that photogenerated electrons are readily trapped to the stepped 
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surface while holes remain mobile irrespective to the mechanism of discharging the 
oxygen molecules from the NB surface36.  
 
Figure 4.11. Photoresponse characteristics of the NB devices in air, vacuum (10-3 mbar) and 
N2 gas (10 mbar) environments at fixed 1 V external bias with laser emitting photon at a 
wavelength of 808 nm and light intensity of 1.38 ± 0.1 mw/mm2.  
 
In order to gain further insights into the mechanism responsible for the photocurrent 
in those NB devices, the photoresponse characteristics of the GeSe2 NB devices were 
examined under global irradiation of 808 nm-light in air, vacuum and pure N2 
conditions. The results obtained are shown in Figure 4.11. The photocurrent 
measured under vacuum environment (10-3 mbar) at room temperature increased by ~ 
52 % ((∆Ivacuum - ∆Iambient)/ ∆Iambient×100%) compared to that measured at ambient 
condition whereas the photocurrent ((∆IN2 - ∆Iambient)/ ∆Iambient × 100%) measured in 
pure N2 increased by ~ 39 % compared to that measured at ambient condition. We 
believe the photocurrent of the GeSe2 depends significantly on the defects in the NB. 
Under the laser light illumination the defect-originated electron-hole pairs are created 
across the surface depletion areas and we believe that the electrons are readily trapped 
at the highly stepped-surface, leaving behind the unpaired holes thus giving rise to 
higher conductive gain in the p-type GeSe2 NB. Under the ambient condition, oxygen-
related ambient gas molecules such as O2 or water adsorption on the NB surface may 
occupy some of the defect sites (especially at the stepped edges) and thus rendering 
them inactive in contributing to the photocurrent. On the other hand, under the 
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vacuum or pure N2 conditions, these defect sites are not engaged in such oxygen 
(water)-deficient environment. As a result, the NB shows higher photocurrent under 
these conditions.  The difference in the increased in photocurrent under vacuum and 
pure N2 condition may be attributed to the difference in the remnant O2/water species 
remaining on the NB under these conditions.  The detail nature of these oxygen-
related hole-trap states associated with a highly stepped morphology will be 
investigated in future work. 
 
Figure 4.12. (a) I-V curves of the stepped surfaced GeSe2 NB photoconductor measured in 
the dark and upon white-light illumination with three different intensities (6 ± 1 W/cm2; 10 ± 
1 W/cm2; 12 ± 1 W/cm2). Inset shows a schematic diagram of the NB photodetector. (b) 
Photocurrent with different light intensity under white-light excitation at fixed bias of 1V. 
Both photocurrent and light intensity are in the log scale. (Inset) Responsivity versus 
estimated photon flux of the irradiated NB. (c) Reversible switching of the NB 
photoconductor between low and high conduction states when the white light was switched 
on and off with different powers at a fixed bias of 1V. (d) Enlarged view of photocurrent-time 
(I-t) response of the NB. 
Photoconductivity of individual NBs under white light was also investigated. Figure 
4.12(a) shows I-V curves of the GeSe2 NB device under positive bias measured in 
dark and under different illumination intensities of white-light at air atmospheric 
conditions. A Fiber-Lite illuminator (ENLT-T-F01-150TECHNIQUIP 150 W LIGHT 
SOURCE) with an adjustable knob was used as white light source12. The drastic 
increase in current under white light illumination is observed compared with dark  





Table 4.1. Comparison of the photoconductive parameters of the photodetectors with Se 
















ZnSe NBs ~0.12 ~ 37.2 ~ 0.3 s 400 41 
Sb2Se3 NWs ~ 8 ~ 1650 ~ 0.3 s 600 42 
In2Se3 NWs ~ 89 ~ 22000 ~ 0.3 s 500 43 
GeSe2 NBs ~ 1040 ~ 121800 ~ 0.1 s 1064 This work 
 
current. The photocurrents in log scale at a fixed 1V bias under different white-light 
intensities are shown in log-log plot (Figure 4.12b). The photocurrent can be directly 
fitted with a simple power law: I = C×Pγ, where C is proportionality constant and γ37 
is the exponent, which was estimated to be 0.52 for GeSe2 NB. The white light 
responsivity and the power law dependency of photocurrent indicates that trapping, 
recombination and complex process of carrier generation37,38 could be the major 
contributing parameters to the photocurrent generation of GeSe2 NB. The device 
responsivity (Rλ) to white light is derived from the data in Figure 4.12(b). The 
resultant values of Rλ as a function of the optical power densities is presented in 
Figure 4.12b (inset) with Rλ approaching ~ 122 mA W
-1 at fixed 1 V external bias for 
optical power densities ~ 120 ± 10 mW/mm2. The current response (I-t curves) of the 
NB device to different intensities white light is shown in Figure 4.12(c). The 
photoresponse to the on/off cycle with white light was quick and reproducible. The 
enlarged view of I-t response (Figure 4.12d) shows the photo response and decay 
time ~ 0.1 s of the NB device to white light, which is similar to the case with using 
laser light. The responsivity (Rλ) can be expressed explicitely as Rλ = (eλ/hc) ηi (1-r) 
(1-e-αd) g39 (where e is the electronic charge, hc/λ is the photon energy, ηi is the 
intrinsic quantum efficiency, r is the reflectivity, α is the absorption coefficient, d is 
the NB width, and g is the photoconductive gain). Using the reported absorption 
coefficient of ~ 105 cm-1, reflectivity ~ 0.2640 for GeSe2, assuming the intrinsic 
quantum efficiency is ~1, and taking the average wavelength of light source as ~ 540 
nm, the calculated photoconductive gain at 3V is ~3.4 with EQE ~ 254%. The 
photoconductive parameters of the nanoscale devices of present and previous works 
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are summarized in Table 4.1. The GeSe2 NB device shows ~ 0.1 s time response and 
high spectral responsivity and high external quantum efficiency compared with all 
available reported Se contained nanostructured devices of chalcogenide materials. 
 
Figure 4.13.  Measured IPCE spectra of individual stepped surfaced GeSe2 NB device at the 
incident wavelength range 400 to 1110 nm at a fixed zero bias.  
 
To quantitatively address the photoactivity of individual GeSe2 NB device, we 
performed incident-photon-to-current-conversion efficiency (IPCE) measurements to 
study the device photoresponce as a function of incident light wavelength (Figure 
4.13). IPCE is expressed as IPCE = (1240J)/(Jlightλ), where J is the photocurrent 
density from the device at zero external bias, λ is the incident light wavelength, and 
Jlight is the incident light power density. The IPCE was measured by an IPCE 
measurement kit (Newport –Model 77890). The NB device shows lower IPCE value 
at visible wavelength range (400-500 nm) and relatively higher IPCE value in IR 
wavelength range, which agrees well with our observation from discrete laser sources 
photocurrent studies.    
In order to consider the contribution of the carriers induced by the defects, first-
principles calculations are performed to determine the formation energy of the 
possible defects and their associated localized defective states in the band gap. The 
results are shown in the following Figure 4.14. The calculated band structure of 
defects induced GeSe2 indicates the presences of available mid band gap states near to 
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Fermi level. As the mid band gap energy of GeSe2 is nearly same with 1064nm 
photon energy, it could arise more photocurrent in the device. 
First-principles calculations based on density functional theory (DFT) were performed 
using the plane-wave Vienna ab initio simulation package (VASP).44 Spin-restricted 
calculations using the projector-augmented wave potentials were conducted with the 
hybrid functionals (HSE06),45 in which part of the semilocal exchange-correlation 
functional with the generalized gradient approximation (GGA) is substituted by the 
Hartree-Fock exchange. We used a plane-wave basis set with a cutoff of 300 eV and 
integrations over the Brillouin zone were performed using a 4×1×2 mesh of special k 
points. The structures were relaxed by adopting GGA functional until the force was 
less than 0.02 eV/A-1. Defect calculations have been carried out for defective 
structures by creating defects within one unit cell of GeSe2 containing 48 atoms. 
Formation energy (Ef) of various defects were calculated by 

i
iiPerfectDefectf nEEE   
Where, EDefect and EPerfect are the total energy derived from a defective structure and 
equivalently perfect bulk, respectively. The defect is formed by adding or removing of 
ni atoms for the i type of atom with a chemical potential of μi. In the extreme Se rich 
condition, the chemical potential of Se is equal to that in the Se6 molecule crystal 
( 3R  phase). In the extreme Se poor limit, the chemical potential of Se is bounded by 
the formation of Ge in the film. 
 The optical transitions and electrical conductivity of the GeSe2 films are greatly 
influenced by the defects present in the materials. In order to consider the contribution 
of the carriers induced by the defects, first-principles calculations are performed to 
determine the formation energy of the possible defects and their associated localized 
defective states in the band gap. According to the case in amorphous GeSe2, chemical 
disorders due to the formation of homopolar Ge-Ge and Se-Se bonds or unsaturated 
bonds are commonly studied in samples grown at Ge-rich or Se-rich conditions.46  




Figure 4.14. In-gap defective states (red lines) associated with various defects in GeSe2: (a) 
VSe, (b) VGe, (c) Sei; (d) Formation energy of the neutral defects of GeSe2 as a function of the 
Se chemical potential. (e) PDOS for perfect bulk GeSe2 and various defects. 
 
Herein, four types of possible defects are considered: Se vacancy (VSe), Ge vacancy 
(VGe), interstitial Se(Sei), and a defect complex of VGeVSe. The localized defective 
states related to the VSe, VGe and Sei are shown in band structure plot in Figure 
4.14(a-c). The formation energy and the partial density of states (PDOS) are shown in 
Figure 4.14(d, e), respectively. For the perfect bulk GeSe2, the top of the valance 
band between -2 and -0.5 eV is related to the Se 4p lone-pair electrons whereas the 
Se-Ge bonding states are located between -5.5 and -2 eV. The conduction band 
comprises of antibonding states formed by Ge-4s and Se-4p. 
   Chapter 4: Stepped-surfaced GeSe2 nanobelts with high-gain photoconductivity 
107 
 
The creation of a single neutral VSe (VGe) can arise from the loss of one Se(Ge) atom 
in the structure and leaves behind two (four) excess electrons which tend to be located 
at the vacancy center with several surrounding dangling bonds. These dangling bonds 
induce both bonding and antibonding defective states which are clearly identified 
within the gap. For Sei defect, the relaxed defective configuration shows that 
interstitial Se atom forms a double bond with the twofold coordinated Se atom 
connected with two Ge atoms. The lone pair electrons at the Se atom enable the 
formation of a double-covalent bond with the interstitial Se atom, which triggers two 
levels in the gap occupying four electrons associated with the Se-Se double bond. It is 
found that VGe and Sei create deeper defect levels in the band gap, whereas VSe 
induces localized shallower states at the band edges. For the defect complex VGeVSe, 
similar defective states (not shown) are introduced at the valence top but a little more 
extended and broadened than those of each single defect. 
Optical adsorptions at higher energy are ascribed to optical transitions between 
extended states in valence band and conduction band, whereas adsorption peaks at 
low energy are due to transitions between extended states and defects induced 
localized states.47-49 The features in the optical spectra between 0 and 6 eV can arise 
from the transitions between the 4p extended states in the valence band and the Ge 4s- 
















In summary, high-quality single-crystalline stepped surfaced GeSe2 NBs have been 
synthesized using chemical vapor deposition technique. The NBs were grown via 
VLS mechanism with catalytic Au-Ge-Se alloy droplet formed at the tip of the NBs. 
The dynamic reshaping of the catalyst particle leads to formation of steps along the 
NB. The synthesis and photosensing properties of the NBs were investigated for the 
first time. The individual NBs photodetectors show a remarkable response to different 
wavelength lights and white light. The GeSe2 NB devices also exhibit a relatively 
response speed of ~ 0.1 s, which is wavelength independent. The photodetectors show 
higher quantum efficiency at the higher wavelengths. High photoresponsivity of 
~1040 A W-1 and photoconductive gain of ~121800% was achieved at a wavelength 
of 1064 nm. By varing the excitation energy of the incident laser, the main 
photocurrent response appears to occur as a result of excitation to various mid-gap or 
lower energy states associated with defects presence in these highly stepped 
nanostrcuctures. This present of steps formed on the NB surface will enhance the 
sensitivity of the individual NB based devices for photodetection and 
chemical/biomolecules detecting application. We believe that the present individual 
GeSe2 NB devices are well suited in a wide variety of optoelectronic applications in 
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Direct Laser Micropatterning of GeSe2 Nanostructures with 
Controlled Optoelectrical Properties 
 
We demonstrate that a direct focused laser beam irradiation was able to achieve 
localized modification on GeSe2 nanostructures film. Using scanning focused laser 
beam setup, micropatterns on GeSe2 nanostructures film were created directly on the 
substrate. Controlled structural and chemical changes of the nanostructures were 
achieved by varying the laser powers and environments. The laser modified GeSe2 
nanostructures exhibit distinct optical, electrical and optoelectrical properties. 
Detailed characterization was carried out and the possible mechanisms for the laser 
induced changes are discussed. The laser modified nanostructures film showed 
superior photoconductivity properties as compared to the pristine nanostructure film. 
The construction of micropatterns with improved functionality could prove to be 
useful in miniature optoelectrical devices.  
 
5.1 Introduction 
Focused laser system has found great utility in nanoscience research. It has a wide 
variety of applications ranging from micropatterning, modification of nanomaterials, 
manipulation rotation of nanorods and creation of nanorotors using optical traps.1-3 
Scientists have recently been able to produce laser beams of size as small as that of a 
virus which could further enhance the already proven ability of laser to create 
amazing 3-D structures in nanoarrays.4-6 Focused laser modification has been 
extensively employed in different materials including carbon nanotube,7 graphene 
oxide,8 CuO nanorods etc.1 Nanomaterials modified with focused laser beam often 
show varied and tuneable optical and electronic structural properties. Focused laser 
beam irradiation with the sample housed in controlled gas environments further 
enhance the degree of variation in experimental condition during the modification of 
the materials and could have many useful applications.9 It has been shown that 
focused laser beam irradiation is able to convert less conductive graphene oxide to 
more conductive reduced form.10 Recently Lu et al. has shown multifunctional 
micropatterns fabrication on CdSSe nanobelt films using scanning focused laser beam 





where the samples exhibit modification of chemical composition and their 
applications as a potential acid sensor and more superior photoconductor have been 
demonstrated.11 Considering its simplicity, efficiency and flexibility, nanomaterial 
modification with focused laser system thus appears to be an attractive approach in 
nanomaterial research. Furthermore, direct patterning of the nanomaterials using 
focused laser beam has an added advantage when compared with other patterning 
methods such as nanoimprinting, photolithography, microcontact printing etc. because 
of lesser chemical contamination to the sample.12-14 
Germanium diselenide (GeSe2) has interesting crystallization process which can be 
controlled using light irradiation or thermal-annealing.15 The photo-induced and 
thermal crystallization processes of amorphous GeSe2 films are well studied using 
Raman scattering spectra. Thermally annealed amorphous GeSe2 shows the low 
temperature form (LT-GeSe2) of crystalline GeSe2, On the other hand  if the 
amorphous GeSe2 film is thermally annealed at a higher temperature for longer 
duration, then amorphous GeSe2 turns into high temperature form (HT-GeSe2) of 
crystalline GeSe2.
16 Similarly amorphous GeSe2 crystallized into HT phase rather than 
LT phase due to the thermal heating and photo-induced effect caused by the laser 
absorption.17 Earlier studies on GeSe2 focused on the properties of GeSe2 films. 
Recently single-crystalline germanium diselenide (GeSe2) nanostructures have 
become promising candidates for field emission devices,18 supercapacitor and 
photodetector devices.19,20 Single crystalline GeSe2 has anisotropic thermal and 
electronic properties.21  
Chalcogenides glasses are interesting due to their potential in optical and photonic 
applications.22 In the past decades, a large number of studies including the structure of 
glassy GeSe2 have been reported.
23,24 Glassy GeSe2 forms good covalent bonded 
glass. With the presence of copper, the local structure of glassy GeSe2 is changed and 
it exhibits photo-darkening.25 Photo-induced change of optical properties has been 
studied on glassy GeSe2 films, which shows the change in optical transparency of the 
films.26 The photo-induced local structural changes have been observed in GeSe2 
films using in situ extended x-ray absorption fine structure (EXAFS) analysis.27 
Hence glassy GeSe2 attracted attention as a candidate that exhibits photo-induced 
changes in properties. However, till now there are no such reports on crystalline 
GeSe2 nanostructures. Being a class of interesting multifunctional semiconductors 





with layer structure, single crystalline GeSe2 nanostructures (nanobelts) show 
interesting structural changes during laser modification with different laser powers. 
Most recently, we reported the synthesis of stepped morphologies GeSe2 
nanostructures, where the photosensing properties of individual GeSe2 nanobelt were 
characterized under different wavelength light excitation.20 One of the possible 
reasons for the good photodetecting property was found to be the presence of defects 
associated with the individual nanobelt device.  
In this work, high quality single crystalline GeSe2 nanostructures were synthesized 
through Au-catalyzed one-step VLS process using horizontal tube furnace. Focused 
laser micro modification of these nanostructures was demonstrated. The focused laser 
beam was found to facilitate structural changes in these nanostructures as well as 
changes in their optoelectrical properties. The controlled structural changes were 
investigated on crystalline GeSe2 nanostructures film using Raman spectroscopy. 
Multicolored micropatterns were created on GeSe2 nanostructures film under 
controlled gas environment in air, vacuum and helium. For the investigation of 
potential device application, two electrical contacts were connected directly on the 
uniform nanostructures film in an easy and efficient way. The photoconducting 
properties of the nanonetwork device with pristine and modified nanostructures film 
were studied with different laser irradiation. Remarkably we found that laser modified 
nanostructures exhibit more superior photoconducting properties. 
 
5.2 Experimental Section 
 
GeSe2 nanostructures were synthesized using chemical vapor deposition techniques as 
described in experimental section of Chapter 3. The synthesis duration was 1 hr for 
thick nanostructures synthesis on Si substrate.     
Direct micropatterning and micromodification was carried out through an optical set 
up, which is described in details in the next paragraph. 
 
 





5.3. Results and Discussion 
 
 
Figure 5.1 (a) Cross-sectional view of the as synthesized nanostructures on Si substrate. Inset 
shows the HRSEM image of the product. (b) SEM image of the synthesized nanostructures on 
Si substrate after pressed.  
 
GeSe2 nanostructures were synthesized in a horizontal furnace via a chemical vapor 
deposition (CVD) process as described in the experimental section. The conditions 
and schematic representation of the synthesis set-up is shown in Chapter 2. Higher 
resolution top-view SEM image of as grown GeSe2 nanostructures is shown in the 
inset of Figure 5.1a. Cross-sectional SEM image of as grown GeSe2 nanostructures 
on Si substrate is shown in Figure 5.1a, which indicates a depth of few tens of 
microns high denser nanostructures was grown on the substrate. SEM images show 
the nanobelts with an average width of ~ 1-2 μm and nanostructures with a length of ~ 
50-100 μm were obtained during synthesis. After synthesis the as grown yellow 
colored GeSe2 nanostructures on Si substrate, the nanostructures were then pressed 
with a glass slide to obtain more compact and uniform nanostructures on the substrate. 
Figure 5.1b shows the SEM image of the pressed GeSe2 nanostructures sample on Si 
substrate. The density and uniformity of the nanostructures is further bettered by 
pressing.   






Figure 5.2 (a) Schematic representation of the optical-microscope with focused laser beam 
setup for micropatterning. (b) Optical microscope and (c) SEM images of circles patterned 
with box on GeSe2 NSs film.   
 
Direct micropatterning and micromodification were carried out through a typical 
optical microscope system that was coupled with an external laser beam as shown in 
Figure 5.2a. A SUWTECH LDC-2500 diode laser (λ = 532 nm, maximum power ~ 
300 mW) was used for our focused laser beam setup. The parallel emitted laser beam 
was then directed into an upright optical microscope via two reflecting mirrors. Inside 
the microscope, the beam was directed towards an objective lens via a beam splitter. 
The laser beam was then focused by the objective lens with a 50× magnification, a 
numerical aperture of 0.55 and a long working distance of 8.7 mm. The size of the 
focused laser beam was about ~1.3 μm in diameter. The samples were placed on a 
computer-controlled, motorized stage (MICOS VT-80 System) with a minimum step 
size of 100 nm in the x–y direction. By moving the sample stage in a controlled 
programmable manner with respect to the focused beam, we were able to create a 
wide variety of patterns on the substrate. During the pruning of the nanostructures, we 
can visually inspect the structures created simultaneously through the monitor. The 
same objective lens (L) was used to collect light reflected from the sample for 
viewing purposes. A CCD camera was used to capture the images of the laser 
trimming process. Apart from ambient conditions, the micropatterning was carried out 
in vacuum or Helium environment with the sample housed in a vacuum chamber 
(dimensions: L×W×H ~ 2cm × 1cm × 0.5cm) connected to a vacuum pump and 





Helium gas cylinder. In this case the laser was focused to the sample through the 
quartz window of the vacuum chamber. 
 
Figure 5.3 (a) SEM, (b) optical microscope image of four squired patterned on GeSe2 NSs 
film via a focused laser beam (Wavelength: 532 nm at fixed power of ~ 2 mW). (c) SEM, and 
(d) optical microscope image of a micropatterned barcode created with same conditions as the 
four squared pattern.    
 
Upon focused laser beam irradiation onto the nanostructured thin film, there will be 
local temperature raises depending on the absorbed laser energy, which will convert 
into local heat generation. Laser spot with higher intensity (more photon energy) will 
cause higher temperature raise in the center of focused spot, which will eventually 
modify and prune the nanostructures. Figure 5.2b shows the optical image of the 
pattern created using the focused laser beam setup via a laser power of ~ 2 mW and 
Figure 5.2c shows the SEM image of the same pattern. Using the laser pruning 
methods, the micropatterns of circular rings in a square with different color contrast 





compare with pristine yellow color GeSe2 nanostrures were made on the film of the 
nanostructures. The color can be readily regulated and further altered by carefully 
controlling the laser power. Some more patterns are created using the same laser 
power, which are illustrated in Figure 5.3. The SEM images (Figure 5.3a,c) of the 
two complicated microstructures created (fixed ~ 2 mW laser power), which show 
clearly distinct contrast of the laser pruned area due to relatively high laser power 
used for modification. The optical images (Figure 5.3b,d) show a clear distinct color 
contrast of the patterns, where the micropatterns are more visible.  
 
Figure 5.4 (a), and (b) Optical microscope images, and SEM images of four microsquares 
patterned on GeSe2 nanostructures film via a focused laser beam with different laser power as 
mentioned in the images labeled as (i), (ii), (iii), and (iv). (c) Raman spectra of the 
representative microstructures. (d) Ratio of intensity of α crystalline (Iα) to that of β 
crystalline (Iβ) as a function of laser power. Both X and Y axes are in log-log scale.    
 
The laser treated nanostructures had been transformed or modified into different type 
of materials. To understand more about the modification process, we have carried out 
a systematic study on the patterned box by varying the laser power in the focused 
laser system. Four different microsquares (200 μm × 200 μm) were created on GeSe2 





nanostructures film via raster scan of the tiny focused laser beam with different laser 
powers. The laser power was increased from ~ 0.2 mW to ~ 40 mW (power measured 
after focused) in four steps and the corresponding patterns from i to iv (labeled from 
left to right) are shown in Figure 5.4(a). The corresponding SEM images are shown 
in Figure 5.4(b), where the micropatterned boxes are labeled. It is interestingly to 
note that the box region modified with lowest laser power ~ 0.2 mW (labeled as i) 
was barely observable from the SEM image, which clearly indicates that the 
morphology of the pristine GeSe2 nanostructures remained intact after weak (~ 0.2 
mW) laser modification. With increase in laser power, the SEM images show more 
intense and exhaustive transformation in the nanostructures. After the irradiation of 
focused beam with high laser powers, the nanobelt structure of the material is 
completely lost and is transformed into blistered form exhibiting amorphous nature. 
Laser power dependent color and morphology modification of the nanostructures 
suggest that the laser induced thermal effect plays a significant role in the observed 
phenomena. We have used the finite element method (FEM) to calculate the local 
temperature rises on the surface of the nanostructure film under focus laser beam 
irradiation. A 3D model of GeSe2 nanostructures film (5 mm × 5mm× 50 μm) was 
build and subjected to allow under laser irradiation (along –z direction) with 532 nm 
wavelength (Gaussian beam with 3μm spot size in diameter) while the sample is 
moving at speed of 200 μm/s. The temperature distribution with different laser power 
is shown in Figure 5.5 when the laser beam has been illuminated for 1s. A volume 
factor of 0.4 is used to specify the porous media of the modeled nanostructures film 
with stationary air presence in the pores. It has been obtained different temperature 
raises (Figure 5.5(a-d)) at the laser heated spot, which predicts that laser modification 
would have been taking place under those conditions. A maximum temperature raise 
of ~1025 K has been obtained under focused laser beam with 40 mW laser power. 
The local temperature on the top surface of GeSe2 nanostructures film can raise upto ~ 
770C, 1900C, 4610C and 7520C under focused laser irradiation with 0.2 mW, 0.6 mW, 
1.8 mW and 40 mW, respectively. Thus it is highly probable that the localized heat 
due to the focused laser beam modifies the crystalline order and chemical composition 
of the nanostructures.  






Figure 5.5 (a), (b), (c) and (d) XY-plane view of the temperature distribution on top surface 
of GeSe2 NSs film surface with focused 532 nm laser beam (spot size ~ 3 μm) of different 
laser powers 0.2 mW, 0.6 mW, 1.8 mW and 40 mW, respectively.  
 
To gain a better insight into the changes made during the laser modification process, 
we have obtained Raman spectra at patterned boxes modified with different laser 
powers. Raman spectra for each modified regions are shown in Figure 5.4(c), labeled 
according to the laser power used as i to iv. The variation of the intensity ratio of α 
band to β band of GeSe2 with laser power is illustrated in Figure 5.4(d). As evident in 
the Raman spectra (Figure 5.4(c)), the band α at ~ 200 cm-1 arises from the breathing 
mode of corner sharing tetrahedra (CST), whereas the band β at ~ 216 cm-1 arises 
from the breathing mode of edge sharing tetrahedra (EST).27 The intensity ratio of the 
α band to β band in the modified samples is also found to be changing with the laser 
power indicating that the chemical environment of the material is modified. A new 
broad peak at around ~ 267 cm-1 has appeared in the laser modified samples with 
power 1.8 mW and 40 mW, which can be seen in the Raman spectra, Figure 5.4c (iii 
& iv). The broad peak located at ~ 267 cm-1 is related to Se-Se pairs, amorphous Ge 





and corresponds to the presence of elemental selenium in the amorphous state.28-30 
Thermal-induced decomposition of the elements and the formation of amorphous like 
materials on the surface of the laser modified nanobelt could be the reason for the 
appearance of broad peak. 
GeSe2 exists in two crystallographic modifications in normal pressure conditions, low 
temperature (LT, α-crystalline phase) and high temperature (HT, β-crystalline 
phase).31,32 The HT phase has two dimensional layered structure in which GeSe4/2 
tetrahedrons are mutually connected both in corners (corner sharing tetrahedron or 
CST) and edges (edge sharing tetrahedron or EST) with equal number of CSTs and 
ESTs.33 The LT phase has a three dimensional structure consisting of the same GeSe4 
framework but connected only by the CSTs with the tetrahedron chains aligned along 
directions [001] and [010].34 Apart from these two phase modifications, the 
amorphous GeSe2 consists of the tetrahedral units connected in different CST and 
EST patterns. When the intensity of the laser is increased, the HT form initially 
transforms to LT form, as evident from Figure 5.4(c) and 4(d), and further to a 
disordered amorphous form under high laser powers. Minaev et al. observed that 
during the transition in which single crystal HT phase loses its crystal structure 
completely and transforms to disordered non-crystalline materials, the color of the 
material changed from yellow to red.35 In our case, the change in color and the 
corresponding change in structure as revealed by Raman spectra are consistent with 
their observation. Hence one of the contributing factors to the laser induced color 
change can be attributed to change in the state of crystallographic modification in 
GeSe2. 
Higher resolution SEM images of modified and unmodified regions of GeSe2 
nanostructures are shown in Figure 5.6(a), which clearly shows the morphological 
changes of pristine nanostructures after laser modification with different powers. 
Figure 5.6(b) shows an example of the morphology of unmodified nanostructures. 
Figure 5.6(c) shows HRSEM images of nanostructures after laser modification with 
different laser powers. They show the varying degree of morphological changes of the 
nanostructures. The nanostructures undergo significant changes with irregular 
abrasive grains with a high degree of interconnected porosity and roughness. The 





morphology caused by high power laser-induced damage indicates the formation of 
the tiny and irregular grains with multi-facets.  
 
Figure 5.6 (a) SEM image of GeSe2 nanostructures on Si substrate with laser modified and 
unmodified region. The boundary between modified and unmodified region can be clearly 
seen from the image. (b) SEM image of the pristine GeSe2 nanostructures. (c) SEM images of 
the laser modified GeSe2 nanostructures with different laser powers. Scale bars in (b,c), 1μm.  
 
Besides the interesting structural changes, we can use this technique to create 3D 
microstructures as well. The optical image (Figure 5.7a) shows the channels cut in 
ambient environment with the focused laser beam of power ~ 6 mW. The SEM image 
of the array of microchannels (separation ~ 10 μm) is shown in the inset of Figure 
5.7a, which indicates that high spatial resolution is achievable using this direct 
pruning technique. The zoom-in magnified SEM image as shown in Figure 5.7b 
states that well-defined line channel with a width of ~ 1.3 μm is obtained. Cross 
sectional SEM image of a V shaped channel formation on nanostructure film is shown 
in Figure 5.7c, when focused laser with stronger laser power (~ 40 mW) has fully 
burned the nanostructures and eventually produced a V shaped channel due to profile 
of the focused laser spot. Conversely for the square modified with focused laser beam 
at 0.6 mW, the length of the nanostructures becomes shorter as revealed in the cross 
sectional SEM image (Figure 5.7d).  






Figure 5.7 (a) Optical image of an array of microchannels. Inset shows the SEM image of the 
microchannels. (b) Magnified SEM image of 1.3 μm channel. (c) and (d) Cross sectional 
SEM images of a V shaped microchannel crated using focused laser with high laser power ~ 
40 mW and of the sample shown in image 5.7d, respectively. 
 
TEM images and HRTEM images with SAED patterns of pristine and laser modified 
GeSe2 nanobelt are shown in Figure 5.8(a-d). TEM image (Figure 5.8a) and 
corresponding selected-area electron diffraction (SAED) pattern (inset) of the pristine 
GeSe2 nanobelt indicate that smooth surfaced single crystalline nanobelts were 
employed for the laser pruning experiments. Figure 5.8b shows the TEM images and 
SAED pattern of the laser modified nanobelt. After laser modification, the surface of 
the nanobelt has been transformed into non-uniform amorphous like material. Figure 
5.8(c) and (d) show the HRTEM images of the nanobelts as shown in (a and b), 
respectively. Lattice fringes of GeSe2 crystal can be seen from HRTEM image 
(Figure 5.8c), whereas no lattice fringes were observed in laser modified HRTEM 
image (Figure 5.8d). 







Figure 5.8 (a) TEM images of a pristine GeSe2 nanobelt. The inset is the SAED pattern for 
the representative nanobelt. (b) TEM image of a laser modified GeSe2 nanobelt, where the 
low magnified TEM image of the laser modified nanobelt is shown in the inset (top-right). 
The inset (bottom-left) is the SAED pattern for the laser modified nanobelt. (c and d) 
HRTEM images of the nanobelts in (a and b), respectively. 
 
The photoinduced change in local structure is known to be present in GeSe2 
material.36 The local irradiation of focused laser beam permanently modifies the local 
structure of nanostructures film, which results in permanent changes in color and 
structure of the nanomaterials. To investigate the laser induced changes in the 
chemical nature, elemental composition and crystallinity order of the GeSe2 films, we 
prepared a large area of laser modified nanostructures film sample using ~2 mW 
focused laser in ambient conditions. Energy-dispersive spectroscopy (EDS) analysis 
has been carried out in the pristine and laser modified area. Figures 5.9(a) and (b) 
show the EDS spectrum taken from the pristine GeSe2 nanostructures and laser 
modified nanostructures, respectively. The magnified EDS spectrum of oxygen, ‘O’, 
element for the respective curves are shown in the inset of the representative figures. 
Clearly higher atomic percentage of ‘O’ element is present in the laser modified 
nanostructures.  
 






Figure 5.9 (a), (b) EDS spectra of GeSe2 NSs before and after laser modification, 
respectively. Insets show the magnified EDS spectra of ‘O’ element for the respective curves. 
(c) and (d) XRD patterns of GeSe2 NSs film before and after laser modification, respectively.   
 
Thus more oxide states related defect formation is obtained during laser modification 
of the sample. The atomic percentage ratio of “Se/Ge” is found to be ~ 2 and ~ 2.7 for 
pristine and laser pruned region, respectively. XRD studies were carried out before 
and after laser pruning nanostructures film sample. Figures 5.9(c) and (d) show the 
XRD patterns of the pristine nanostructure film and laser modified film, respectively. 
Intense diffraction peaks can be indexed to GeSe2 crystal planes (Joint Committee for 
Powder Diffraction Studies, JCPDS, card no. 71-0117) for the nanostructures film 
before laser modification sample. No XRD peaks of GeSe, GeO2, or other intense 
peak are detected. It is noted that after laser modification the crystalline quality has 
decreased drastically and a small background hump appeared in XRD pattern, which 
is due to the formation of amorphous material. This observation is consistent with 
TEM results at high energy laser modification. 






Figure 5.10. XPS spectra of GeSe2 NSs for pristine (left column) and pruned (right column) 
region: (a), and (b) for Ge element, respectively; (c), and (d) for Se element, respectively; and 
(e), and (f) for O element, respectively. A Shirley background correction was applied to each 
spectrum before curve fitting. 
 
To further investigate the chemical changes during the laser pruning process, X-ray 
photoelectron spectroscopy (XPS) was carried out for pristine and laser modified 
regions as shown in Figure 5.10. Charge correction based on the standard reference 
signal from C 1s (284.8 eV) was applied to all XPS peaks in Ge 3d, Se 3d and O 1s 
obtained from pristine and laser treated samples. Figures 5.10(a) and (b) show that 
Ge 3d core-level peaks centered at ~31.1 eV and ~31.1 eV for pristine and laser 
modified samples, respectively. It is noted that Ge3d core-level spectrum (Figure 
5.10a) has a very small shoulder on the high energy side, which has increased 





significantly for laser modified sample (Figure 5.10b). The shoulder peak position on 
the high energy side is O-related and has been ascribed to Ge-O bond states.37 Thus 
oxide bond states formation and oxide related defects are prominent in the laser 
modified nanostructures sample. It has been noted that the area under the core-level 
peak has greatly enhanced after laser modification of the nanostructures, which could 
be due to the modification of the morphology of the nanostructures. Figures 5.10(c) 
and (d) show that Se 3d core-level peaks centered at ~54.7 eV and ~54.8 eV for 
pristine and laser modified samples, respectively. There is no information about Se-O 
oxide bond state formation after the laser modification as seen from the Se 3d core 
level XPS peaks whereas O 1s peak has been obtained for both pristine and laser 
modified nanostructures film. The O 1s peaks (Figures 5.10(e) and (f)) show a 
significant increase after laser modification of the nanostructure film sample. The O1s 
peaks for pristine and laser modified NSs samples consist of various peaks as shown 
in Figures 5.10(e,f). The asymmetric O1s peak for pristine NSs sample (Figure 
5.10e) is resolved into three components at 531.2 ± 0.2, 532.1 ± 0.2 and 533.1 ± 0.2 
eV. The peak at 531.2 ± 0.2 eV can be attributed to GeOx oxygen, whereas the 
shoulder peaks at 532.1 ± 0.2 eV and 533.1 ± 0.2 eV have been assigned to the 
chemisorbed oxygen and adsorbed water vapor, respectively. The asymmetric O1s 
peak for laser modified GeSe2 NSs sample (Figure 5.10f) is also resolved into three 
components at 531.2 ± 0.2, 532 ± 0.2 and 533 ± 0.2 eV. In the O1s peaks with the 
change in the peak area corresponding to pristine sample, which could be due to 
change of chemical compositions and due to more adsorbed oxygen species. The XPS 
results are also consistent with the EDS results. 
To gain further insight into the role of environment oxygen in the modification by the 
focused laser beam, a small vacuum chamber under controlled environment as shown 
in the schematic diagram of Figure 5.2(a), was used as a housing unit for the 
nanostructures film. Systematic studies of the dependency of the laser modification on 
gas environment have been carried out on the nanostructures film. We have used fixed 
laser power to modify the patterned regions with different environments. Three square 
boxes were patterned in air, vacuum and helium gas environment via the focused laser 
beam of 1.8 mW and the corresponding optical microscopy images of the patterned 
microsquares are shown in Figure 5.11(a), (b) and (c). We can see that the color 
change is more prominent and caustic in Helium and Vacuum compared to that in air. 





Figure 5.11(d,e,f) shows the SEM images corresponding to optical images Figure 
5.11(a,b,c). It is observed from SEM images that the difference in morphological 
changes was similar to laser modification under different gaseous environments, but 
the optical color contrasts have been changed significantly. Thus the gas molecules 
like Oxygen and Nitrogen in air environment have great influence in changing the 
color contrast of laser modified region. In addition, Raman spectra (Figure 5.11 g,h 
and i) show that the β-crystallinity structure is changing in different gas environment. 
However the percentage of crystalline structure modification is different under 
different gaseous environments. Ratio of intensity of α crystalline (Iα) to that of β 
crystalline (Iβ) is ~ 1.3, ~ 0.6 and ~ 0.6 for the sample with laser modified in air, 
vacuum and helium, respectively.  
Apart from crystallinity, the laser pruning also results in the creation of different 
amount of surface states or defect states under different gas environments. However 
the optical microscopy images show the color changes of the microstructures, which 
could be due to the amount of elements presence in them. Using TEM with EDS, we 
have obtained the EDS spectra of the modified microstructures in different gas 
environment, where the amount of elements presence in the region is shown in Table 
5.1. The variation of Ge/Se atomic percentage (at %) can be observed from the insets. 
There is a higher percentage of Oxygen element presence in the microstructure, which 
is modified in air atmosphere, indicates reddish color in the optical microscopy 
images. Thus along with crystalline structure changes (from crystalline to amorphous 
like materials), the modification of chemical composition during laser modification is 
responsible for color changes,35 where the environmental Oxygen element has 
important role for such color changes. 





      
Figure 5.11 (a,b,c) Optical microscopy images of three microsquares patterns on as 
synthesized GeSe2 NBs film after laser pruned (fixed laser power ~ 1.8 mW) in air, vacuum 
and helium environment, respectively. (d,e,f) SEM images corresponding to the optical 
images (a,b,c). (g,h,i) Raman spectra of the sample with laser modified in air, vacuum and 
helium as shown in Figure (a), (b) and (c), respectively.  
Table 5.1. Atomic percentage of Ge, Se and O in nanostructures modified by focused laser 













Air 18.8±2.0 51.6±5.2 29.6±5.5 1.0:2.7:1.6 
Vacuum 36.2±0.7 60.9±4.2 2.8±1.8 1.0:1.7:0.1 
Helium 35.3±1.4 61.7±4.3 2.9±2.7 1.0:1.7:0.1 
 
Besides the tuning of the structural properties, we have studied the optoelectrical 
properties of the laser pruned nanostructures. We made simple two probe (using 
Silver paint) devices which were probed directly on the pristine nanostructures film 
on Si substrate. The schematic diagram of the pristine nanostructure film device,  
 






Figure 5.12. (a) I-V curves obtained from pristine GeSe2 NSs film and after laser 
modification with two-probe measurements configuration. (b) I-V responses of the pristine 
NSs film under different laser sources with fixed laser intensity of ~ 0.8 mW/mm2. (c) I-V 
responses of the same NSs film after laser modification with same experimental conditions. 
(d), (e) and (f) I-t responses (fixed bias ~ 10V and fixed laser intensity ~ 0.8 mW/mm2) of the 
NSs film before and after laser modification with laser wavelength of 405 nm, 532 nm, and 
808 nm, respectively.  
 
which is fabricated in a very simple way, is shown in the inset of the Figure 5.12b. 
The laser modified nanostructure film placed in-between the electrical contacts of the 
device was used for the study of optoelectrical properties. The photoresponse 
measurements of pruned nanostructures are shown schematically in the inset of 
Figure 5.12c. The typical dark current-voltage (I-V) curves for the pristine and laser 
modified nanostructures films are shown in Figure 5.12a. It is noted from the dark I-
V curves that the conductivity of the pruned nanostructures film has improved as 
compared to the pristine nanostructures film. At fixed positive bias of 10V, the film 
shows ~76 nA current whereas after modification of the nanostructure film, the dark 
current has improved to ~ 217 nA. Such an improvement can be attributed to the laser 
induced nanostructure modification, where the contacts between the nanobelts in the 
nanostructures network have been improved. Thus the results show the potential 
application for a simple one-step maskless, and in situ lithographic method for 
creating selective conduction regions. Beside the dark conductivity change, the 
pristine nanostructures and laser pruned nanostructures has shown difference in 
photosensing properties when they are irradiated with laser sources of different 
wavelength. Note that in this case, we used a broad laser beam so the nanostructures 





were not modified by the laser irradiation. I-V responses of pristine GeSe2 
nanostructures film under broad beam irradiation of 405 nm, 532 nm and 808 nm light 
illumination are shown in Figure 5.12b, whereas the I-V responses of the pruned 
nanostructures film under same laser light illumination are shown in Figure 5.12c. 
The results show that the pruned nanostructure film has higher photoinduced current 
than the pristine nanostructure film. The photocurrent-time (I-t) responses of the 
devices at 10 V fixed bias and fixed laser intensity ~ 0.8 mW/mm2 under successive 
on/off operations of different laser sources have been compared.  Figure 5.12 d,e and 
f shows the I-t response of the pruned and pristine nanostructures films under 405 nm, 
532 nm and 808 nm light irradiation, respectively. The current for both pristine and 
pruned nanostructures films increased under broad beam laser with different 
wavelength illumination compared to that measured at a dark environment condition. 
From I-t curves it is observed clearly that the photoresponsivity is higher for pruned 
nanostructure film compared with pristine nanostructure film for all different laser 
wavelength irradiation. It is known for GeSe2 nanobelts that majority of the 
photoresponses of GeSe2 nanobelt based devices come from the possible defects 
present in the materials.20 After laser pruning, structural changes and more oxide 
states related defects are observed in the material. The higher photoresponsivity of the 
pruned nanostructure film when compared with pristine film could be attributed to the 
structural changes and introduction of more defects after laser pruning. These results 
demonstrate the enhanced optoelectrical properties of the laser pruned GeSe2 
nanostructures films and indicates their potential applications in optoelectronic such 




In summary we have presented a simple technique to directly create multicolored 
microstructures on GeSe2 nanostructures film. A set of well defined microstructured 
boxes were patterned with different laser power. Controlled structural changes from 
β-crystalline to α-crystalline were observed with controlled laser modified 
nanostructured film. The effect of local heat production and focused laser induced 
modification of the nanostructures have been addressed. The proposed mechanism of 
laser induced crystalline structural deformation is the main driving force for local 





structural and chemical modification of the GeSe2 NSs. In addition, laser modification 
under controlled gas environments shows the modification of chemical composition 
of the nanostructures, which causes different color contrasts in modified regions of 
the optical microscopy images. The modification of chemical composition, crystalline 
structural modification and the gas molecules like Oxygen and Nitrogen in air 
environment have great influence on changing the color contrast of laser modified 
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NIR Schottky Photodetectors Based on Individual Single-Crystalline 
GeSe Nanosheet 
 
In this chapter, we have synthesized high-quality micrometer-sized single-crystal 
GeSe nanosheets using vapor transport and deposition techniques. The morphology, 
structure and chemical composition of the nanosheets were characterized using 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-
ray diffractrometry (XRD), Raman spectroscopy and atomic force microscopy 
(AFM). Photoresponse is investigated based on mechanically exfoliated GeSe 
nanosheet combined with Au contact under a global laser irradiation scheme. The 
nonlinearship, asymmetric, and unsaturated  characteristics of the I-V curves reveal 
that a Schottky contact is formed. First-principles calculations indicate that the 
occurrence of defects create in-gap defective states, which are responsible for the 
slow decay of the current in the OFF state. The Schottky photodiode exhibits a 
marked photoresponse to NIR light illumination (maximum photoconductive gain ~ 
5.3×102 % at 4V fixed bias) at a wavelength of 808 nm (energy 1.5 eV). The excellent 





Semiconducting materials in low dimension plays an important role in modern 
materials and science.1,2 Zero dimensional (0D) and one dimensional (1D) 
semiconducting nanostructures have been extensively studied with the aims to 
develop novel application using these materials.3,4 Among these studies, two 
dimensional (2D) nanostructures have not been extensively explored. Recently, metal 
chalcogenides nanostructures with layered structures of group IV elements (GeS, 
GeSe, GeSe2, SnS, SnSe, etc.) have attracted strong interest.
5-8 The Ge based layered 
IV-VI nanostructures (i.e., GeSe, GeS) are potential alternatives to the lead 
chalcogenides due to the advantages of their relatively higher stability and 
environmental sustainability.9 Ge based chalcogenide materials are made up with 
earth abundant elements and they are less toxic. Most recently Li et al. reported the 
vapour deposition growth of GeS chalcogenides nanosheet, where they have focused 





their study on the fundamental understanding of the synthesis of 2D chalcogenides 
nanosheet.5  
Semiconducting chalcogenides allowing exfoliation into atomically thin layers have 
received increasing attentions for showing properties that are complementary to 
graphene due to the existence of finite band gap. The interesting property of strongly 
layer-dependent band gap paves an avenue for fabricating high effecient electronic 
and optelectronic devices, such as multijunction solar cells10 and layer-dependent 
photodetector.11 Recenty study has observed photothermoelectric effect in single-
layer MoS2 and an orders-of-magnitude larger Seebeck coefficient than that of 
graphene.12 For fabrication of photo-based and electronic devices, however, it has 
been argued that multilayer nanosheets are more preferred than the monolayer due to 
multiple conducting channels, a wider spectral response, and larger carriers density 
compared to the monolayer material.13 Thus synthesizing new 2D materials with 
higher mobility and photoresponsibility with massively-sized crystalline nanosheets is 
highly desired. Materials in 2D geometries can avoid the limitations for 1D 
nanostructures. Thus 2D nanomaterials are found to be compatable with established 
device designs and processing approaches in semiconductor industries.  
 
GeSe is a narrow band gap (1.08 eV) IV-VI p-type semiconductor with layered crystal 
structure.14 It has a high anisotropic crystallization in layered structure with layers in 
parallel to growth direction. Low dimensional single-crystalline germanium 
monoselenide (GeSe) comb structures and their p-type semiconducting transport 
properties as well as photo-switching behaviour have been studied.15 Colloidal 
synthesis of GeSe nanobelts has been reported with electrical measurements of single 
nanobelt.16 The previous studies give an overview about the electrical conductivity 
measurements parallel and perpendicular to the layer planes of p-type bulk GeSe 
single crystals and the photoconductivity spectral response of bulk GeSe single 
crystal.17,18 Current synthesis strategies for GeSe nanosheets rely on solution based 
process, which may have a solvent residues adsorbed at the surface that are difficult to 
remove. To the best of our knowledge, there are no reports on tube furnace synthesis 
of such 2D GeSe nanosheets and investigation on their optoelectronic properties with 
NIR wavelength excitation. In this paper, we report the synthesis of high quality 
single-crystalline micron sized 2D GeSe nanosheets using vapour deposition 
techniques. This approach gives rise to very clean nanosheets with interesting 





optoelectronic properties and thus rendering them potentially useful candidate for 
device application.  
As GeSe material shows graphite-like layered structures with strong intralayer 
covalent bonding and weak interlayer van der Waals forces, we use mechanical 
exfoliation technique to put few layers GeSe nanosheets on SiO2/Si substrate. 
Patterned electrodes of 200 nm Au were fabricated via standard photo-lithography 
and sputtering of metals to obtain 2D nanosheet based GeSe photodetector devices. 
The mechanically exfoliated GeSe nanosheets with different layer thickness shows 
difference colors contrast with different height. This paper reports for the first time, a 
large photo-response from single crystalline 2D GeSe nanosheet. Detailed 
experiments were carried out to investigate the possible charge conduction 
mechanism in the two contacts probed nanosheet based device. We have also 
performed systematic studies of photoconductivities of the two-point probed device 
under laser light illumination with photon energy that is above the bandgap of the 
material. These results provide an insight into the electrical and photoresponse 
properties from 2D GeSe nanosheet based Schottky photodetector. It is found that Au 
electrodes formed Schottky barriers (SBs) with GeSe nanosheet. The SBs formation 
was attributed as the main contributing factor to the photoresponse of this metal-
semiconductor structure. Furthermore, we have demonstrated the efficiency of GeSe 
film-based Schottky photodetector, which shows good response in IR light 
illumination (wavelength ~ 808 nm). 
 
6.2 Experimental Section 
 
GeSe of few-layer thickness was fabricated using a two-step process, involving 
chemical vapor deposition (CVD) based synthesis of GeSe microplates and 
mechanical exfoliation of the microplates onto SiO2(300 nm)/n-Si substrates using 
scotch tape based technique. The exfoliated GeSe nanosheets were characterized by 
Raman spectroscopy and atomic force microscopy. Single GeSe nanosheet based 
devices were prepared using standard photolithography techniques, where Au (200 
nm) film deposition and lift off were performed to pattern electrodes on the individual 
GeSe nanosheet. The photoresponse of individual nanosheet photodetectors was 
performed using specific set-up as described before.19 





The nanosheets were synthesized in a horizontal single-zone tube furnace using a 
chemical vapor transport and deposition technique with the following two-step 
process. Step 1: the mixture of pure Ge powder (Sigma Aldrich, purity 99.99%), Se 
powder (Sigma Aldrich, purity 99.99%) in molar ratio 1:1 was grounded in a crucible 
for 30 min. The powder was then placed in a boat, which was inserted inside the 
vacuum sealed furnace. The furnace was evacuated to a base pressure of 10 mTorr 
and then flowed with pure Ar gas (flow rate: 200 standard cubic centimeters per 
minute, SCCM), which was controlled by a mass flow meter. After the pressure has 
stabilized, the furnace was heated to 480 oC at a rate of 1 oC/min and maintained for 4 
hr. The furnace was naturally cooled to room temperature upon the reaction being 
terminated and the sintered powder was collected. Step 2: 20 mg of this sintered 
powder was used as a source material for GeSe nanosheet synthesis. 3 cm × 2 cm 
cleaned Si substrate and a small alumina boat containing the sintered powder were 
loaded into an one-end open quartz-glass tube with a separation of 28 cm and the boat 
was placed near to the close end of the tube. The tube was inserted in the vacuum 
sealed horizontal furnace such that the source material was positioned at the center of 
the heating zone and the substrate was located down-stream of the source powder. 
Then the furnace was evacuated to the base pressure of 10 mTorr and subsequently 
was filled with pure Ar gas (flow rate: 100 SCCM). After the pressure of Ar gas has 
stabilized to 2 Torr, the furnaced was heated to the targeted temperature of 640 oC  
(heating rate: 30 oC/min) and maintained for 30 min. After the deposition, the furnace 
was naturally cooled to room temperature and the substrate was collected.         
6.3 Results and Discussion 
 
The synthesis of high quality, crystalline semiconducting chalcogenides 
nanomaterials is desired in nanostructured materials research. Chalcogenides 
nanostructures can be produced in a wide diverse morphology. The synthesis of GeSe 
structures was carried out using vapor transport and deposition techniques as 
described in the experimental section.    
The synthesis and growth mechanisms of nanostructures including nanowires, 
nanobelts, nanotubes, using vapor deposition techniques have been extensively 
discussed.20 However those growth mechanisms are not applicable for vapor 
deposition growth of crystalline 2D nanosheets. We have not used any catalyst to 





synthesize the structures and no droplets were found on the as grown flat 2D 
nanosheets. This suggests the growth was free from any catalyst and nor there any 
self-catalyst component. Previously GeSe comb structures have been reported, where 
the authors attributed the formation of GeSe comb structures via an atmospheric 
vaporization-condensation-recrystallization (VCR) and the formation of wire-fingers 
from a body plate to the naturally generated structural defects (i.e. screw dislocations, 
valley-shaped defects, etc.) during synthesis. The nanosheets grew in the furnace 
directly on Si substrate placed at down-stream position of the source material with 
lower temperature. The dynamic behavior of synthetic process could be as follows. At 
first the sublimation of the source powder into gaseous GeSe molecules and transport 
through the Ar carrier gas flow as illustrated in the schematic Figure 6.1a. This is 
followed by condensation of the gas molecules onto the receiving Si substrates placed 
at the temperature ranges 390 oC to 430 oC. Constant flux of source molecules 
adsorbed to growth sites and recrystallization process help to grow the nanosheets. 
Figure 6.1(b,c and d)  shows scanning electron microscope (SEM) images of typical 
as-grown GeSe microflakes on Si(100) substrate on the areas indicated (in Figure 
6.1a) by 1, 2 and 3, respectively. The different nanostructures with sheet-like or, belt-
like morphologies are observed on the substrate. The density and the size of the  






Figure 6.1. (a) Schematic view of dynamics behavior during the synthetic process. (b,c and 
d) Low-magnification SEM images of as-grown GeSe nanosheets on the areas indicated by 1, 
2 and 3 in (a), respectively, for 30 min growth process on a Si (100) substrate. The insets at 
the right corners of (b, c and d) are SAED patterns for representative nanosheets. The insets 
at the left corners of (b, c and d) are the magnified SEM images of GeSe nanosheets. (e and 
f) AFM image of GeSe nanosheet and the height profile corresponding to the solid line.  
 
nanosheet are high at the upstream edge (region 1) of the Si substrate. The upstream 
edge (region 1) of the substrate facilitates the larger supersaturation of GeSe vapor to 
condensate into micron sized nanosheet structures. VCR process and vapor-mediated 
self-assembly process, involve the formation of reactant gaseous materials at high 
temperature followed by the condensation of the vapors on the substrate at low 





temperature region, from which precursor-specific recrystallization into various low-
dimensional structures are induced. We found smaller size GeSe nanosheet with lower 
density (Figure 6.1d) grows at lower temperature position as marked by region 3 of 
Figure 6.1a. The concentration gradient of GeSe vapor (the diffusion flux) decreases 
at lower temperature region (region 3, large distance from the source) could be the 
contributing reason for the observation of such different crystalline nanostructures. 
Lower deposition temperature may induce condensation of lesser GeSe vapor and 
then recrystallization into small vapor flakes. The nanosheet is highly anisotropic in 
morphology and the lateral dimension can reach over 4-160 μm (Figure 6.1d), while 
the thickness is in the range 60-140 nm (Figures 6.1 e,f), giving rise to a 
size/thickness ratio of ~ 100-1000. Atomic force microscope characterizations 
indicate that the surface of the nanosheet is reasonably smooth. We can find steps at a 
height of 2-5 nm at the surface of the nanosheet.  
 
 
Figure 6.2. (a) Atomic structural model of the GeSe double layers for the (100) surface. (b) 
Optical micrograph of thick GeSe bulk flake. (c) XRD patterns of GeSe precursor powder 
(red line), microbelts (blue line) and single microflake (black line). (d) Raman spectra for 
GeSe film with the intensities of laser excitation. The probe excitation light (λ~ 514.5 nm, 
50× objective lens, laser spot size on the film ~ 3 μm) was exposed about 10 s.  
 





Figure 6.2a represents three dimensional view of the structure of GeSe, which 
indicates the crystals of GeSe are composed of vertically stacked and weakly van der 
waals layer attached together. Figure 6.2b shows the optical micrograph of thick 
GeSe bulk flake, which was synthesized for long growth duration (growth duration 
3hr) under same growth conditions as described in experimental details part. These 
type of big bulk flakes were grown for longer growth duration, which was used to 
obtained nanosheets on SiO2/Si substrate. Subsequently the nanosheets were used in 
mechanical exfoliation method to fabricate single nanosheet based photodetector 
devices. The detailed crystal structure of the used sintered source powder, GeSe 
nanosheets and GeSe bulk flake was characterized by X-ray diffraction (XRD) 
patterns (Figure 6.2c). The GeSe nanosheets and bulk flakes turned out to have an 
orthorhombic unit cell with a Pnma (62) space group (JCPDS No. 48-1226, a: 10.84 
Å, b: 3.834 Å, c: 4.39 Å, β: 90, α phase), which is identical to that of the sintered 
GeSe source powder. These results indicate that the sintered source powder was not 
pyrolyzed during sublimation into gaseous GeSe molecules formation and the unit 
molecule composing the GeSe nanosheet safely retained the intrinsic source molecule 
structure. Figure 6.2d is the Raman spectrum of GeSe nanosheet with different 
excitation laser power. The phonon peaks at 150 and 188 cm-1 can be assigned to the 
transverse optical (TO) mode (in the B2u symmetry) and in the Ag symmetry of GeSe, 
respectively.21, 22 
Transmission electron microscopy was carried out to provide better insights into the 
crystalline order of the microflake. Selected-area electron diffraction patterns (SAED) 
and lattice images were taken using a high-resolution transmission electron 
microscope (HRTEM) at different portion of mechanically exfoliated nanosheet as 
marked by red and green box in Figure 6.3a. As shown in Figure 6.3(b, d) the lattice 
fringes are exactly identical, which implies that the same crystal structure all over the 
exfoliated nanosheet. The chemical composition of as-prepared nanosheet structured 
GeSe was determined to be Germanium and Selenide with an atomic ratio of 1:1 by 
using EDX (Figure 6.3e). The carbon and copper come from the thin carbon film and 
copper mesh of TEM sample, respectively. The SAED (Figure 6.3c) and HRTEM 
results indicate that the nanosheet is single crystalline. The basal plane of the 
nanosheet is always (100), as indicated by the SAED and HRTEM images. It is also  






Figure 6.3. (a) Representative TEM image of a GeSe microflake. (b-c) SAED pattern and 
lattice image obtained from the region that is highlighted by green box. (d) Higher 
magnification TEM image of the region that is highlighted by the red box, revealing that 
single crystals is achieved even at a length up to a micrometer. (e) EDS spectrum of GeSe 
microflake. (f) Crystallographic view of GeSe molecules on the (100) plane indicating the 
growth direction of [011] matching the lattice image in (b) and (d). Pale yellow balls and 
aqua balls represent Ge and Se, respectively. (h, i) EDS map of the region (highlighted by the 
yellow box in Figure 6.3g) of GeSe microflake displaying the uniformly distributed elements 
of Ge (h), Se (i). 
 
observed from Figure 6.3f that the GeSe molecules pairs are connected on the (100) 
plane. The elemental maps of the highlighted box in Figure 6.3g are displayed in 
Figure 6.3(h,i) shed the light on the distribution of each constituting element and 
further verify the entire uniformity of the elements distribution throughout the 
structure. Furthermore, XPS spectra (Figure 6.4) confirm the quality, purity and 
absence of any unwanted chemical residue on surface of the nanostructures.     
 






Figure 6.4. XPS spectrum of GeSe nanosheets. (a) Survey of full XPS spectrum. (b), (c) and 
(d) high resolution spectrum of O 1s, Ge 3d and Se 3d, respectively.    
 
A charge correction based on the standard reference of the C 1s (284.8 eV) signal was 
applied to all XPS peaks in Ge3d, Se3d and O1s. Figure 6.4a shows the survey of full 
XPS spectrum, which was collected from the network of GeSe nanosheets supported 
with C tape. Figure 6.4b shows the presence of O1s peak in the GeSe sample. Figure 
6.4c shows Ge3d core level spectrum which has very small shoulder on the high 
energy side. The peak fitting of Ge3d spectra indicates the small shoulder peak is O-
related, which has been ascribed to Ge-O bond states on the surface. However we 
have not observed such O-related bond states in Se3d core level spectrum (Figure 
6.4d). Interestingly, binding energy associated with homopolar bonds Ge–Ge (at B. E. 
of 29.1 eV) and Se–Se (at B. E. of 55.4 eV) are not detected in our nanostructures.   
 






Figure 6.5(a,e) TEM images of different shaped GeSe nanosheets, a corresponding higher 
magnification TEM image (b, f), a corresponding SAED pattern (c, g) and a structural model 
(d, h) of representative sheets are shown.   
 
During synthesis, nanosheets with different morphologies were obtained. Figure 
6.5(a,e) and Figure 6.5(b,f) show TEM images and higher magnification TEM 
images of two different shaped GeSe nanosheets and corresponding electron 
diffraction patterns of the nanosheets are shown in Figure 6.5(c,g). The nanosheets 
appear to be truncated rectangular and triangular shaped. By analyzing the HRTEM 
images and related SAED patterns, we have identified and indexed the facets of the 
nanosheets. We have built a structural model for two different nanosheets as shown in 
Figure 6.5(d,h).  High-index crystalline planes could be found exposed at the facets, 
such as, (041) and (0 4 1) planes for truncated rectangular shapes (Figure 6.5d), (014) 
and (0110 ) for triangular shapes (Figure 6.5h) nanosheet.  
Figure 6.6(a,d) shows the low magnification TEM image of as-grown GeSe single 
crystal, which exhibit nanosheet-like morphology. The nanosheets appear to be 
truncated rectangular and triangular shaped. By analyzing the HRTEM images and 
related SAED patterns, we have identified and indexed the facets of the nanosheets. In 
addition, we have built structural models for two different nanosheets as shown in the 
inset in Figure 6.6(c,f).  High-index crystalline planes could be found at the exposed 
facets, such as, (014) and (0110 ) for triangular shapes (Figure 6.6a) nanosheet, (041) 






Figure 6.6(a,d) Low magnification TEM image of single GeSe nanosheet with facets 
indexed. (b, c, e and f) HRTEM image of the single GeSe nanosheet taken from different 
parts of the nanosheet as marked by i, ii, iii, and iv in (a, d). Insets in HRTEM images show 
corresponding SAED pattern. Structural models of representative sheets are shown in the 
insets in (c) and (f). 
 
and (0 4 1) planes for truncated rectangular shapes (Figure 6.6d). The SAED patterns 
(inset of HRTEM images of Figure 6.6(b,c,e & f) taken from a single micrometer-
sized nanosheet show a spot pattern that is consistent with a single crystal nanosheet 
having the surface normal oriented along the [100] direction, which is also in 
agreement with the [100] sheet orientation observed by XRD in Figure 6.2c. This is 
dictated by the nature of GeSe material, which is layered material and (100) is the 
most energetically stable plane. For a better insight into the facets of the single GeSe 





nanosheet, high resolution TEM images were taken at four different positions as 
marked by i, ii, iii and iv in Figure 6.6(a,d). The HRTEM images at positions i and ii 
of Figure 6.6(a) exhibit lattice spacing of 2.9 and 2.9 Å. The measured intersection 
angle between the side facets is approximately 97° for triangular shaped GeSe 
nanosheets. This indicates the triangular GeSe nanosheets are consistent with the 
{011} set of planes of the orthorhombic crystal structure and the nanosheets are 
bound by {011} facets. The measured interfacial angles between the facets are 
indicated in Figure 6.6d, which is matched with the calculated interfacial angles 
according to single-crystal structure. HRTEM image (Figure 6.6e) shows the lattice 
spacing of 2.9 Å and 2.9 Å at position (iii), which indicates the micrometer-sized 
nanosheet has {011} and {001} facet at position (iii) and top surface, respectively.  
The HRTEM image (Figure 6.6f) at position (iv) shows the lattice spacing of 2.9 Å 
and 2.9 Å, which is consistent with the {011} set of planes of the orthorhombic GeSe 
crystal structure. This refers that the micrometer-sized nanosheet has {011} facet at 
position (iv). The HRTEM images at different positions and the SAED pattern 
indicate that the grown crystal has (100) plane parallel to the surface of the nanosheet. 
   
 
Figure 6.7. (a) Tapping-mode AFM image of a GeSe nanoflake bridging deposited Au 
electrodes. (b) The line profile taken along the green line of figure (a) shows the thickness of 
the GeSe nanoflake is ~ 57 nm. (c) 3D AFM topography of the GeSe nanoflake device. 
 
To study the optoelectrical properties of individual GeSe nanosheet, we have 
fabricated nanosheet based devices as described in experimental method. Figure 6.7a 
Tapping-mode AFM image of a GeSe nanoflake bridging deposited Au electrodes. 
Figure 6.7b indicates the thickness of the nanosheet is ~57 nm and Figure 6.7c 
indicates the 3D AFM topography of the device.  






igure 6.8.(a) GeSe bulk flake device made on STO substrate and the electrical contacts 
between GeSe bulk flake and electrical wires were made using silver paint. (b) The 
photoresponce of GeSe bulk flake device at two different laser excitation of 808 nm (fixed 
laser intensity of ~ 80 mW/cm2). (c) Photocurrent-time (I-t) response of the bulk GeSe flake 
at fixed laser intensity of ~80 mW/cm2. 
 
Semiconducting nanomaterials often shows higher conductivity when irradiated by 
photons with energy higher than the band gap of the materials.23 It has been seen from 
Figure 6.8, where the photoresponse of bulk crystalline GeSe has been tasted under 
808 nm light irradiation, that the enhancement in current occurs under laser 
irradiation. The photo-response properties of bulk GeSe based photodetector were 
examined. The photoresponse of the GeSe bulk flake device (Figure 6.8a) shows 
good photocurrent produce under illumination of NIR light as depicted in Figure 
6.8b.  The photocurrent-time (I-t) curves under 808 nm light illumination with OFF 
and ON  
 
 
Figure 6.9. (a) Measured IPCE spectra of GeSe nanosheet device at the incident wavelength 
range 400 to 1600 nm at a fixed zero bias. (b) Reflection spectrum of GeSe nanosheets. Inset 
shows false color SEM image of the GeSe nanosheets sample. 
 





states of light is shown in Figure 6.8c. I-t curves shows higher photocurrent obtained 
under 808 nm illumination. We have tested nanosheet Schottky devices with broad 
laser beam with photon energy above band gap (laser wavelength: 808 nm, energy ~ 
1.5 eV) of the nanosheet.  
The photoresponse of the device in wide range of wavelength scan is shown in Figure 
6.9a. The reflection spectrum of the GeSe microflakes sample is shown in Figure 
6.9b, which indicates a good absorption of the sample in 808-nm NIR wavelength. 
Typical I-V curve of Au/GeSe nanoflake/Au in the voltage range (-5 to +5 V) under 
dark condition is shown in Figure 6.10a. The dark I-V curve shows asymmetric 
nonlinear characteristics. The nanosheet makes two uneven Schottky barriers (SBs) 
due to different couplings at the two contacts with the Au electrodes and thus resulted 
in the asymmetrical I-V characteristics.24,25 In this metal-semiconductor-metal (MSM) 
device structure, the current is dominated at positive bias voltage as seen from Figure 
6.10a. From the inset at top-left of Figure 6.10a, it can be seen that ln (I) is linear 
with V in the selected high bias range for both positive and negative currents, which 
indicates the I-V characteristics of back-to-back SB structure. The measured I-V 
characteristics were obtained under dark condition and under 808 nm light 
illumination with different intensities as shown in Figure 6.10b. The inset in Figure 
6.10b shows the SEM image of the tested individual GeSe nanosheet device, which 
clearly indicates the uneven electrical contacts formation of the nanosheet with the Au 
electrodes. The photocurrent-time (I-t) responses to the pulses incident NIR light (808 
nm) with different light intensities during ON-OFF cycles are shown in Figure 6.10c. 
Time-resolved photocurrent at +4V bias under multiple ON-OFF cycles shows a 
sharp rise in photocurrent under laser irradiation and the recovery process of 
photocurrent has a quick process followed by a slow recovery process under laser-off 
transition. The recovery process in photocurrent has rapid descent initially followed 
by a very slow decay component, which never reaches to the original level in short 
time. Similar phenomena have been observed for other photodetectors including 
single ZnO nanowire Schottky barrier photodetector. For nanosheet SB photodetector, 
the readsorbed ions (i.e. O2
-) and relaxed carriers in SB interface are believed to be 
the major reason for the quick recovery process of the GeSe SB photodetector.26 The 
appearance of slow decay tail in the Schottky photodetector device is likely due to 
photogenerated carriers trapping at the interface between the nanosheet-Au electrodes. 





Figure 6.10d shows the decay response time of the nanosheet based device with 
different intensity of the illuminated 808 nm laser. The decay time constant is 
increasing as the illuminated laser intensities increases. Under global illumination, 
when the full MSM device is illuminated with NIR light source, the IV response of 
the device shows asymmetric, nonlinear and unsaturated photoresponse. The 
observation indicates that in this structure the charge conduction is dominated by 
Schottky contacts.27,28 We have checked other possible current conduction like space  
 
 
Figure 6.10(a) Typical I-V curve of Au/GeSe nanoflake/Au in the voltage range (-5 to +5 V) 
under dark condition. Inset at top-left shows fitted ln(I) vs V curve under dark condition. (b) 
The performance of GeSe-based thin film photodetector device under 808 nm-light 
illuminations. The inset (top-right) shows the schematic presentation of global irradiation of 
laser light onto the device during photocurrent measurements. The inset (bottom-right) 
represents the SEM image of the fabricated GeSe nanoflake based device. (c) Time dependent 
photocurrent response of the GeSe nanoflake based device to laser light illuminations with 
different light intensities under vacuum (4×10-3 mbar) at fixed bias of 4V. Inset shows the 
enlarged views of a 32.6-33.4 s range (from light-off to light-on transition) showing response 
time ~ 0.1 s. (d) Time-response curve analysis: the decay curve when the GeSe nanosheet 
device was illuminated at fixed 4V bias. Solid lines represented the fitted curves with the 
decay equation (6.1). 
 
charge limited conduction (SCLC)29 which might affect the IV characteristics, but we 
have not obtained reasonable fitting parameters. For two Ohmic contacts MSM 





geometry under light illumination, the photocurrent response shows generally linear 
curve property, where the photoresponse is mainly due to increase in the 
photogenerated carriers in semiconductor and the total applied voltage is mainly 
dropped across the semiconducting material.30,31 The nonlinear curves under 
illumination (Figure 6.10b) indicate the photocurrent response is dominated by SBs 
formation with the nanosheets. In this Schottky device, both the forward and reverse 
biased current increase under global laser light illumination. This implies 
photoexcited electron-hole (e-h) pairs significantly increase the concentration of 
majority carriers of the semiconductor in MSM structure, where the SBs heights also 
modulate with NIR illumination.32,33   
The slow decay of photocurrent can be fitted with the following equation: 
Error! Reference source not found.          . . . 
. . (6.1) 
Where Id is the dark current, to is the initial time, A1 is the amplitude of the 
photocurrent, and τd is the response time of the decay curve. I-t curve shows two 
different time constants, τ ~ 0.1s for the relative rapid rise (from OFF state to ON 
state), which is independent of the intensity of light illumination. Rapid decay time 
(τd1 ~ 0.1s) followed with relatively slow decay time τd2 of ~ 3.5s (Figure 6.10d) is 
obtained under laser intensity of 283 mW/cm2 (from ON state to OFF state). Such a 
slow photoresponce decay time observed in GeSe nanosheet may be due to presence 
of the deep trap states associated with various possible defects in the system.  
Upon chemical tuning of the composition or physical treatment like light and heat 
during fabrication and application, intrinsic defects like atomic vacancies or 
interstitial atoms are created and ubiquitous in the GeSe matrix. The stability of the 
defects and the accompanying hole or electron states associated with the defects 
account for the different mobility and lifetime of the photo-induced carriers under 
different shining lights. Previous study of the photoconductivity of amorphous GeSe 
indicates a correlation between the magnitude of the photocurrent and the density of 
photoinduced defects.34 In this study, first-principles calculations are employed to 
study the defects states associated with various defects in the sample. We consider 
four types of defects: Se vacancy (VSe), Ge vacancy (VGe), interstitial Se(Sei), and a 
defect complex (VGeVSe). The band structures of the supercell containing one defect 





center are shown in Figure 6.11(a-c). The formation energy of describing the energy 
needed for creating each defect is plotted in Figure 6.11(d). The partial density of 
states (PDOS) is shown in Figure 6.11(e). For perfect GeSe, our calculated value of 
an indirect band gap of 1.24 eV is in good agreement with experimental study of 1.07-
1.29 eV.35 The valence band is mainly composed of hybridized states formed between 
Ge-4s, -4p, and Se-4p orbital. The conduction band has larger component of 4p orbital 
of the cation than the 4p orbital of the anion. For the VSe defect, one occupied 
defective state near the valence maximum is formed. For the VGe defect, it has the 
smallest formation energy. This is consistent with the fact that GeSe often shows 
nonstoichiometrical structures with an excess of Se. There is one deep unoccupied 
defective state. In the case of Sei defect, the interstitial Se is bonded to three Ge atoms 
distributed in the two adjacent GeSe planes, which is different from the Sei defect in 
GeSe2 case where the interstitial Se atom is bonded to the two-coordinated Se atom 
forming a double bond with the Se 4p lone-pair electrons. Two shallow occupied 
states are formed, whereas one shallow unoccupied state is formed below the 
conduction band. The PDOS plot indicates that the defective bonding and antibonding 
states are formed by hybridization between Ge-4s and Se-4p states. The presence of 
these shallow and deep defective states in the gap, facilitating the trapping and 
releasing of photo-excited carriers, can account for the slow photoresponse observed 
in Schottky photodiode under 808 nm light illumination.36 
First-principles calculations based on density functional theory (DFT) were performed 
using the plane-wave Vienna ab initio simulation package (VASP).37 Spin-restricted 
calculations using the projector-augmented wave potentials were conducted with the 
hybrid functional (HSE06),38 in which part of the semilocal exchange-correlation 
functional with the generalized gradient approximation (GGA) is substituted by the 
Hartree-Fock exchange. We used a plane-wave basis set with a cutoff of 300 eV and 
integrations over the Brillouin zone were performed using a (3×3×2) mesh of special 
k points. Defect calculations have been carried out for defective structures by creating 
defects on a (2×2×1) supercell of GeSe containing 32 atoms. The structures were 
relaxed by adopting GGA functional until the force was less than 0.02 eV/A-1. 
Formation energy (Ef) of various defects was calculated by  Where EDefect and EPerfect 
are the total energy derived from a defective structure and equivalently perfect bulk, 
respectively. The defect is formed by adding or removing of ni atoms for the i type of 





atom with a chemical potential of μi. In the extreme Se rich condition, the chemical 
potential of Se is equal to that in the Se6 molecular crystal ( 3R phase). In the extreme 
Se poor limit, the chemical potential of Se is bounded by the formation of Ge in the 
film. 
 
Figure 6.11. In-gap defective states (red lines) associated with three types of defects in GeSe : 
(a) VSe, (b) VGe, (c) Sei; (d) Formation energy of the neutral defects of GeSe as a function of 
the Se chemical potential. (e) PDOS for perfect bulk GeSe and the defective structures. The 
arrows denote the position of the defective states in the band gap. 
 
Useful photodetectors often exhibit linear photoresponse with incident photon 
intensities. The linearity of the photodetector has been investigated in Figure 6.12(a), 
which shows the photocurrent versus incident photon intensities under 808 nm-light 
illuminations as well as the fitting function. We used a simple power law: 
photocurrent, Iph = (A×P
c) to fit the data, where A is proportionality constant and c is 





the empirical coefficient and photocurrent Iph = (Il-Id) and Il is the current of the 
device under illumination with the light source and Id is the dark current. Based on the 
experimental values, the fitting power law dependency to the experimental data gives 
A = 2.37 and c = 0.3. Fractional power dependence is believed to be related to carrier 
traps in the nanosheet, which are distributed within the energy gap.39 The low value of 
exponent c of the photocurrent dependence on light intensity may be due to the fact 
that the trap states become recombination centers under illumination, leading to the 
weak light intensity dependence of photocurrent.40 Here we adopt a similar strategy in 
analysis as Cheng et al.,25 where the approximate photocurrent equation of ZnO 
nanowire based Schottky photodiode can be described as: ln (Iph) α V1/2. Figure 
6.12(b) shows the plot of Iph with V
1/2 in log scale with different intensities of 808 nm 
light irradiation and all curves are fitted with linear equation. These results indicate 
that our photocurrent responses of the devices are consistent with Schottky contacts 
dominated photoresponse of MSM structure.  
 
Figure 6.12. (a) Photocurrent as a function of light intensity under 808 nm and corresponding 
linear fitting curve using the power law. (b) The plot of Iph (in log scale) with V
1/2 with 
different illuminated light intensities, and its fitted line (solid line). 
 
To estimate the effect of O contamination in the sample, we take another hybrid 
functional calculation (Figure 6.13 a,b). It can be seen that there is no defective states 
related O in the the gap of GeSe host. This suggests that the trapping of carriers due to 
O contamination is unlikely to occur due to the absence of localizad states in the gap. 
However, the presence of O at the interface of the GeSe/Au contact plays important 
role in affecting the dipole at the interface, which will strongly affect the SBH and 
thus influencing the carriers’ injection and diffusing across the junction. 
 






Figure 6.13. (a) Atomic model of interstitial O species in GeSe. The green, yellow, and red 
balls represent Ge, Se, and O atoms, respectively. (b) Local density of states for O-adsorbed 
GeSe calculated by hybrid functional. 
 
Transient photo voltage studies were conducted using 1064 nm wavelength, 7 ns 
duration, and 10 Hz repetition rate (Spectra Physics Quanta Ray Nd:YAG laser) laser 
pulses.  The laser beam was focused onto the GeSe nanoflake device with a circular 
spot diameter ≈ 2 μ m using a 10x microscope objective. GeSe nanoflake based 
device was mounted on a two dimensional translation stage to measure photoresponse 
at different positions. Digital oscilloscope (Tektronix TDS 380, 50 ohm terminated, 
400 MHz bandwidth) were used to collect temporal photo voltage profiles generated 
by GeSe nanoflake based device, the positive and negative terminals of the 
oscilloscope were directly connected to the two Au electrodes, respectively. Optical 
neutral density filters were employed to control the laser pulse energy. A laser energy 
meter (Laser probe, Rj-760) was used to measure the average energy of the laser 
pulses. All of the transient photocurrent measurements were carried out in air at room 
temperature without any biased voltage. Schematic of the GeSe nanoflake device and 
transient photo voltage profiles of the device by focusing the laser beam at three 
different positions, positive Schottky barrier, center of the device and negative 
Schottky barrier are shown in Figure 6.14 respectively. Laser excitation at positive 
Schottky barrier of the device produces positive voltage with 6  1s decay time as 
shown in Figure 6.14(a). Excitation at center of the device also produces positive 
voltage but two times lower than the voltage generated at positive barrier, with decay 
time of 4  1 s as shown in Figure 6.14(b). Negative photo voltage was observed by 
exciting laser beam at negative barrier of the device as shown in Figure 6.14(c). 
 






Figure 6.14. Photoresponse of GeSe nanoflake based device at applied zero volt bias with 
focused nanopulsed laser (λ = 1064 nm, pulsed width ~7 ns, power ~ 60 μJ) irradiated on the 
Au-GeSe nanoflake contact (Position A), GeSe nanoflake (Position B) and GeSe nanoflake-
Au contact (Position C), respectively. (a), (b) and (c) The photovoltage-time (V-t) graphs 
obtained in oscilloscope under pulsed laser illumination on Position A, Position B and 
Position C, respectively, as schematically shown in inset of each graphs. (d) Pulsed laser 
induced photovoltage at the GeSe nanoflake as a function of pulse decay with different pulse 
energy. (e)  Photovoltage as a function of pulse energy in log-log scale. The red line is a 
power law fit with Iph ≈ P
0.34. Inset shows the schematic representation of the device during 
measurements. 
 
The device shows the maximum photo voltage near the Schottky barriers and photo 
voltage decreases by going away from Schottky barriers. It is observed that photo 
voltage at the two Schottky barriers show opposite polarity, which is quite similar to 
cw excitation, but magnitudes and decay times of the photo voltage generated at both 
the barriers are found to be in the similar range.  This is possible because of the 
symmetry of the work-function at Au metal contact in planar geometry. Furthermore, 
excitation pulse energy dependent photo voltage of the GeSe nanoflake device was 
measured by focusing laser beam at the center of the device. Figure 6.14(d) illustrates 
the pulse energy dependent decay time of individual pulses, which fits well with the 
single exponential decay of time 41s, with the raising time of 500 ns. The 
relationship between different excitation pulse energies and generated photo voltages 
are plotted in Figure 6.14(e). This show that the photo voltage increases linearly with 
the increase of excitation pulse energy, indicating that the charge carrier generation is 





influenced by the number of incoming photons. Such relationships can allow us to 
calibrate the GeSe nanoflake photo-diodes for different laser energies. Slope of 0.34 
indicates that this device is with defects free and high purity.  
 
To analyze the NIR photodetecting performance, we have calculated the spectral 
responsivity (Rλ)
41 and the external quantum efficiency (EQE) or gain for the 
Schottky photodetectors. The large values of Rλ and EQE refer high sensitivity of the 
photodetectors. Spectral responsivity is denoted as Rλ = ∆I/(S×Pλ); where S is the 
effective illuminated area, Pλ is the light intensity and ∆I  = (Iphotocurrent – Idarkcurrent). 
The maximum responsivity of the devices at fixed 4V external bias was estimated to 
be ~ 3.5 A W-1 under 808 nm-light illumination (for a fixed laser intensity of 283 ± 
0.1 mW/cm2). External quantum efficiency (EQE),42,43 an important parameter for 
photodetectors, is defined as EQE = (hc/eλ) × Rλ, where h is the Planck’s constant, c 
is the speed of light, e is the electronic charge and λ is the excitation wavelength. The 
EQE of the single GeSe nanosheet device is estimated to be ~ 5.3 ×102 % at 4V fixed 
bias. The UV photodetector of ZnO nanowire Schottky barrier with high sensitivity 
shows photocurrent gain of 8.5 × 103 at 5V fixed bias.44 Thus GeSe nanosheet based 
SB NIR photodetector shows poorer photocurrent gain with respect to ZnO nanowire 
based SB photodetector9 and comparable to visible-blind deep-ultraviolet Schottky 
photodetector based on individual Zn2GeO4 nanowire device.
45  
 








Response time Reference 
few-layer GaSe 2.8 1367 20 ms 46 
single layer MoS2 7.5×10
-3 - 50 ms 47 
GaS nanosheet 4.2 2050 <30 ms 48 
few-layer GeSe 3.5 530 100 ms This work 
 
The performance parameters of the GeSe nanosheet photodetector is compared in 
Table 6.1 to other 2D nanosheet photodetectors. GeSe nanosheet photodetectors show 





a relative higher responsivity than several other reported 2D nanosheet devices.46-48  
2D materials can avoid several limitations of 1D and 0D materials since they are 
established with design devices in semiconductor industry. These results indicate that 
GeSe nanosheet can be used as good sensitive nanoscale NIR photodetectors.  
 
 
Figure 6.15. (a) Optical image of GeSe flakes with different thicknesses on 300 nm-thick 
SiO2/Si surface. (b) Raman characterizations using 514 nm laser line: Raman spectra of 
different locations A, B and C with various thicknesses on sample (a) and on thick GeSe 
flake. (c)AFM height image of thin GeSe film transferred on the SiO2/Si substrate. (d) The 
thickness of the layer is shown by the height profile (in red) taken along the green line in the 
AFM image. 
 
Figure 6.15a shows the optical image a mechanically exfoliated GeSe nanosheet with 
different thickness, which shows different visible color contrast for different 
thicknesses. Figure 6.15b shows Raman spectra of different thickness GeSe 
nanosheet. The Raman spectrum mainly consists of two phonon peaks at 150 and 188 
cm-1. They can be assigned to the transverse optical (TO) mode (in the B2u symmetry) 
and in the Ag symmetry of GeSe, respectively. As the layer number increased, no shift 
of those two Raman bands was observed. The bands shift may be observed for 





thinnest nanosheet of monolayer, bilayer thickness, which has been observed in other 
layered materials like MoS2 and WS2 films. AFM was used to measure different 
thickness of the exfoliated nanosheet as shown in Figure 6.15c. Cross-sectional plot 
(Figure 6.15d) along the line in Figure 6.15c determines different thickness of the 




In summary, high-quality single-crystalline GeSe nanosheets have been synthesized 
using chemical vapor deposition technique. Different shaped GeSe NSs were obtained 
during synthesis. Multilayer GeSe NSs films were deposited onto Si/SiO2 substrates 
using the scotch tape-based mechanical exfoliation technique. The layers of GeSe 
films were characterized by Raman spectroscopy and AFM. Metal Au electrodes were 
deposited on GeSe NS to form two probe based device which shows SBs formation at 
contacts in Au-GeSe-Au structure. Two terminal based Schottky photodetectors of 
GeSe nanosheets exhibit high photocurrent gain at 4V bias. A maximum 
photoresponce was achieved of the devices with 808 nm-light illuminations. The 
maximum spectrum responsivity of ~ 3.5 A.W-1 was obtained (for a fixed 808 nm-
light intensity 283±0.1 mW/cm2) at fixed 4V external bias. The photoresponse and 
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Summary and Futures works 
 
 
The synthesis, characterization and optoelectrical properties of layered metal 
chalcogenides system have not investigated extensively. Recently 2D layered 
structures towards monoatomic layer thick semiconducting sheet have achieved much 
attention in research. In this work, we have developed simple, efficient methods to 
synthesize such novel layer structures in various different morphologies. The 
optoelectrical properties of such as synthesized nanostructures have been investigated. 
In this chapter, main conclusions obtained in this work have been summarized and 
some possible future works are proposed.  
 
7.1 Summary 
7.1.1 Synthesis of GeSe2 nanostructures with different morphologies 
 
The GeSe2 nanostructures with different morphologies including nanobelts, 
nanoflakes, stepped-surfaced nanobelts were synthesized using thermal heating and 
vapour transport process in chemical vapor deposition techniques.  Possible growth 
mechanisms of such different surface morphologies (i.e. smooth-faced and stepped-
faced) nanobelts have been illustrated. It has been observed that vapor-liquid-solid 
(VLS) is the main mechanism for the growth of smooth-surfaced GeSe2 nanobelts 
whereas the small catalytic oscillation during the VLS process causes the steps in the 
nanobelts in relatively lower temperature region. This present work has the potential 
to tune the morphology of wire like layered nanostructures by simply varying the 
growth parameters.  
Electrical and optoelectronic characteristics were studied on single nanobelt devices 
with smooth and stepped surfaced GeSe2 nanobelt. The devices give good 
photoresponse under laser light irradiation. Quick photoresponse, high 
photosensitivity of the device may consider for optoelectronic devices and optical 
switches. The thermal effect and Schottky barriers formation at the metal electrode 
and nanobelt junction are found to be dominated mechanism for the high 
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photoresponse observed in Au-GeSe(smooth surfaced)-Au structure. Stepped surfaced 
GeSe2 nanobelts are found to have high gain photoresponse in infrared (IR) laser 
irradiation. The steps originated and most possible defects originated allowed states 
and mid band gap energy states are considered to be the possible reason of high gain 
observed in the individual stepped nanobelt devices. 
 
7.1.2 Structural changes and direct laser patterning to improve 
device performance 
 
Focused laser beam optical setup was employed to direct pattern on the nanostructures 
film surface. Defined microstructures and microchannels were directly created on the 
nanostructures film surface. Crystalline GeSe2 has three polymorphic phases and 
among them two phases (i.e. α-phase and β-phase) are stable. The nanostructures 
modified with focused laser with different laser power shows the control changes of 
the as grown β-crystalline phase to α-crystalline phase. The photosensing properties 
of nanonetwork devices with pristine nanobelts were recorded in two-probe 
configuration. The focused laser was used to modify the nanonetwork region in 
between the probe contacts and the photoresponse was recorded. We observed the 
improvement of the device performance after laser modification of the nanonetwork. 
The device responses were studied under different wavelength light sources.        
 
7.1.3 GeSe nanosheets synthesis and near infrared (NIR) Schottky 
photodetectors  
 
GeSe nanosheets, nanoflakes were synthesized using vapor transport and deposition 
techniques. Different structured nanoflakes were synthesized. The HRTEM studies at 
different parts of the nanosheets and nanoflakes indicates that no matter how the 
nanosheets grows the upper surface of the nanosheets was always indexed with (100) 
planes because of the layer structure along <001> direction, which is the van der 
waals force direction of GeSe. The as synthesis products was collected from different 
growth region and the analysis indicates that the GeSe nanosheets growth was not 
limited by the reaction. The diffusion of gaseous reactants limited through the 
boundary layer was the possible dominated growth mechanism for such nanosheets 
formation. Mechanical exfoliation technique was used to separate few layer thick 
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GeSe nanosheet on the SiO2/Si substrate to make two-probed based photosensing 
devices. The photosensing properties of the nanosheet devices under global irradiation 
of 808 nm light were illustrated in this work.  
 
7.2 Future works       
7.2.1 Synthesizing GeSe/Graphene hybrid heterostructures  
 
Recently 2D layered metal chalcogenides are found to interesting in research because 
the 2D materials exhibits several interesting extra properties when the thickness of the 
nanosheet become thinnest like monolayer, bilayer. Thus the importance comes to 
synthesize thinnest 2D nanosheet to get the quantum confined effect and many more 
interesting properties.  
Chemical vapor deposition technique is a unique method for the synthesis of many 
nanostructures. These are always challenging for the furnace synthesis that the control 
over the size of nanostructures and synthesize of thinnest layer like monolayer and 
bilayer of such 2D layered naosheet. It has been observed for other layered 
chalcogenide material that there exist of van der walls epitaxy of GeSe layer with 
grapheme. The synthesis and study the growth dynamics of thinnest GeSe flakes and 
2D nanosheets with a growth template of graphene-covered Cu foil can be further 
investigated. We had started to optimize the growth parameters to synthesize GeSe 
nanosheets on layered substrates like graphite layers, mica sheet, reduced graphene 
sheets etc. and we observed that graphite layers strongly promotes the growth of 
thinner GeSe layers. Thus it would be appropriate to further explore/refine the 
synthesis techniques to overcome the mentioned challenges and to have more control 
on the 2D layer structures.  
 
7.2.2 Surface modification of nanobelts and nanosheets    
 
We have tested and characterized the device performance of such layered 
chalcogenides nanostuructures (i.e. individual nanobelts and nanosheets) in terms of 
their optoelectrical response and the study of the devices response after the surface 
modification of the nanostructures have to be explored. The study with pristine 
nanobelts and after surface modification of the nanobelts will help to pin down the 
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contributing factors involving to the photoresponse of the devices. We have talked 
about surface states and defects states present in the nanostructures as a possible 
factor to the photoresponse of the device. However if we study more elaborately after 
modifying the surface of the nanostructures either by chemical treatments like 
etching, chemical capping with thiol, etc. or attach quantum dots, tetrapods on the 
surface of the nanobelts and nanosheets then the surface dominated important 
information can be drawn from the study. The smooth and stepped surface of the 
nanobelts could be the two different surfaces where the difference in the amount of 
surface modification can be studied extensively. We have started with PbSe seeded 
PbS tetrapods to functionalize the surface of the nanobelts with the semiconducting 
tetrapods and we have observed the tetrapods on the surface of the nanobelts. 
However there is always challenging issue to functionalize the surface of the 
nanobelts uniformly. Thus the surface modification of the nanostructures and their 
optoelectrical study will open up an important future work. 
 
7.2.3 Improvement of photosensing properties based on individual 
nanobelts     
 
Single photodiode formation based on two-probed based individual nanobelt devices 
may improve the photosensing properties of the devices. In our study we observed the 
higher photocurrent produces at the interface of metal electrodes and nanobelt 
interface, where Schottky barrier form. The device with back to back Schottky 
barriers formation at the two ends of the nanobelt raises higher resistance in the 
device in either forward bias or reverse bias whereas the single Schottky barrier based 
device will produce higher resistance only in forward bias configuration. Thus the 
formation of ohmic contact at the one end and Schottky contact at the other end of the 
device may improve the device photosensing efficiency. There is the challenging part 
of fabricating such well defined device with two different metal contact formations at 
the same nanobelt. The devices with asymmetric uneven contacts with single Schottky 
diode can change the photoconductor device to photodiode device, which can be 
further investigated. 
 
The β-crystalline GeSe2 nanobelt shows the local structural changes under laser 
modification with focused laser system. With our focused laser beam setup it is 
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possible to modify a portion of a single nanobelt in a controlled way. Thus it will be 
interesting to characterize the electrical and optoelectronic characteristics of the single 
nanobelt device where some part of the nanobelt is modified to α-crystalline phase. 
After such modification, the single nanobelt will eventually produce a homojunction 
with two different crystalline phases. It would be worthwhile to study the design, 
fabrication and performance evaluation of the homojunction based single nanobelt 
devices.  
 
GeSe2 nanobelts and GeSe nanosheet show p-type conductivity in electrical 
characteristics. There are available a number of semiconducting nanobelts like CdS 
nanobelt, SnS2 nanobelt, etc. which shows n-type conduction. Thus the optoelectronic 
properties of a cross-junction of two semiconducting nanobelts can be studied by 
placing one nanobelt on the other nanobelt in ‘X’ configuration. The junction between 
the nanobelts will form p-n heterojunction. The single cross-junction can be studied in 
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